Morphodynamics in Mid-Atlantic and New England saltmarshes: ecophysical processes and implications with sea-level rise by Wilson, Carol A.
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2013
Morphodynamics in Mid-Atlantic
and New England saltmarshes:
ecophysical processes and
implications with sea-level rise
https://hdl.handle.net/2144/12890
Boston University
BOSTON UNIVERSITY 
GRADUATE SCHOOL OF ARTS AND SCIENCES 
Dissertation 
MORPHODYNAMICS IN MID-ATLANTIC AND NEW ENGLAND 
SALTMARSHES: ECOPHYSICAL PROCESSES AND IMPLICATIONS 
WITH SEA-LEVEL RISE 
by 
CAROL A. WILSON 
. B.S. , The University ofNew Orleans, 2001 
M.S., Tulane University, 2006 
Submitted in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
2013 
First Reader 
Second Reader 
Third Reader 
Approved by 
Duncan M. FitzGerald, Ph. 1. • 
Professor of Earth Science 
Associate Professor of Earth Sciences 
David Marchant, Ph.D. 
Professor of Earth Sciences 
ACKNOWLEDGEMENTS 
I cannot begin to express my gratitude to those who made this endeavor possible. 
First of all I must thank my advisor, Duncan FitzGerald, who believed in me from the 
beginning to start a Ph.D.; who was challenging but insightful, always teaching me to 
look at the bigger picture and find the significance in the tiniest detail. I've enjoyed 
butting heads with you countless times, even though seventy percent of the time I would 
realize in the end you were right (alright maybe eighty). You've been a great mentor to 
me, and I look forward to any and all communication and collaboration. 
To Zoe Hughes, your guidance has been immeasurable. You are my number one 
mentor, and above all you've become a great friend. I can't wait for the next time we get 
to wake up at 4 am and slog around a marsh all day yelling, "Damn you, Steve!" 
Mead Allison, you started it all by asking me in your Sedimentology and 
Stratigraphy class how I felt about working in wetlands. You originally gave me the skill-
set to successfully find answers to scientific problems, and challenged me to become an 
independent and innovative scientist. Alex Kolker, you have been a wonderful teacher, 
colleague, and roll-model. I look forward to more adventures looking for lost Forts in the 
Mississippi Delta, visits to Dupre's Island, and finding out what the accretion is all about. 
Peter Rosen, I could never have done any of the work in Boston Harbor without your 
help, guidance, and infallible boating skills. I'll try not to lose any more anchors in the 
future. 
Dennis, you've been here throughout the whole thing. Thank you for not killing 
me when I would go ballistic because something didn't work out, or when I was grumpy 
lll 
because Duncan was being a pain (or not there), or exhausted from field work (and 
smelling of marsh, insect repellant, and sunscreen). And thank you for the wonderful 
cooking-you fueled me through this thing! 
To Ernest, my son san: you are the right of my wolrd! Thank you always for the 
endless encouragement ("you're gonna fail! "). You always knew how to bring a smile to 
my face, even in my darkest hours. 
To my friends at work: Goga, Besim, and Nora, we've been through so much 
together. You became my family, and I will always be here for you, as you have been 
there countless times for me. To my comrades in arms, Sam Wright and Chris Hein, we 
did it! We made it through! We're alive! (And so is someone else who shall remain 
nameless but we all plotted his death time and time again!) Despite our trials, I wouldn' t 
want to be in the trenches with anyone else. I learned so much from you both, and feel so 
privileged to call you friends. 
To my family, Steph and Derek, thank you so much for always being there for 
me. Here's to many more Wacky Wilson adventures! To Darby and Tonks, thanks for 
furring me up and herding me to bed. And finally to Mum and Da, without whose 
support, encouragement, and occasional ass-kicking, none of this would be possible. I 
love you all so much. I dedicate this dissertation to you. 
lV 
MORPHODYNAMICS IN MID-ATLANTIC AND 
NEW ENGLAND SALTMARSHES: ECOPHYSICAL PROCESSES AND 
IMPLICATIONS WITH SEA-LEVEL RISE 
(Order No. ) 
CAROL A. WILSON 
Boston University Graduate School of Arts and Sciences, 2013 
Major Professor: Duncan M. FitzGerald, Professor of Earth Sciences 
ABSTRACT 
This dissertation reports on the physical, biological, and biogeochemical 
processes in saltmarshes of Santee Delta, South Carolina, and Boston Harbor and Plum 
Island Estuary in Massachusetts to evaluate and quantify their dynamic response to sea-
level rise. This includes comprehensive ecophysical analyses along the continuum of low 
to high marsh settings (South Carolina and Massachusetts, respectively), in addition to 
presenting information on historical saltmarsh evolution, recent anthropogenic alteration, 
and future sustainability. 
In the Santee Delta, South Carolina, relative sea-level rise is resulting in 
rapid creek extension on low marsh platforms of Spartina alterniflora. 
Measurements of redox potential, pH, belowground biomass, and soil strength 
reveal that crab colonization and bioturbation from the crab Sesarma reticulatum 
facilitate creek extension by altering the geotechnical and geochemical properties 
of the soil. Oxidized conditions in the upper 10-15 em of the marsh induced by 
v 
burrowing causes enhanced degradation of belowground biomass, which reduces 
the structural integrity of the soil and lowers elevation. This process ultimately 
increases the erosion potential of the sediment in creek head areas. 
In Plum Island Estuary, Massachusetts, creek extension is similarly occurring into 
localized depressions on high marsh platforms dominated by Spartina patens. Coring and 
stratigraphic analyses, elevation and vegetation surveys, and accretion rates on marsh 
platforms and in re-vegetating pools suggest the marshes are in dynamic equilibrium with 
sea-level rise. Degradation of organic matter, loss in elevation and pool formation is 
counterbalanced by creek incision, drainage, rapid revegetation, and regain in elevation. 
These marshes appear to be stable with respect to sea-level rise, and the recent increase in 
pool formation is linked to changes in drainage density. 
Finally, saltmarsh evolution throughout the Holocene is investigated in Boston 
Harbor. Cores, stratigraphic analysis and radiocarbon dating indicate that the marshes on 
Thompson and Peddocks Islands developed ~2-4 thousand years ago when rates of sea 
level rise decelerated after glacial melting. A reduction in sediment supply from drumlin 
bluff stabilization and anthropogenic diking has greatly impacted these marshes in the 
past century, evidenced by transition from high to low marsh vegetation. Their 
sustainability with accelerating rates of sea-level rise is questionable. 
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PREFACE 
Understanding past and present-day marsh morphodynamics is critical for 
predicting the fate of coastal wetlands worldwide under a regime of accelerated sea-level 
rise. As coastal marshes exist within 1-2 m of sea-level, they are extremely sensitive to 
ocean level fluctuation. During the Holocene, expansive saltmarshes formed in the mid-
Atlantic and New England behind barrier islands and in protected coves once sea-level 
rise from glacial melting and isostatic adjustment slowed and infilling favored halophytic 
vegetation colonization (Mcintyre and Morgan, 1964; Redfield, 1965; 1972). Saltmarshes 
have since maintained elevation by organic and inorganic accretion, resulting in relatively 
thick peat sequences (up to 4 m thick in some areas). With recent evidence of sea-level 
acceleration in the Anthropocene (e.g., Donnelly, 2006; Jevrejeva et al., 2008; Kemp et 
al., 2009; Kolker et al., 201 0), predicting the fate of coastal wetlands worldwide depends 
upon our understanding of past and present-day marsh morphodynamics. Additionally, 
anthropogenic alteration in recent centuries (including reduced sediment loads, ditching, 
and diking) has had major implications for saltmarsh geomorphology. 
Saltmarsh morphodynamics requires a comprehensive approach, as ecophysical 
processes as a whole drive geomorphic changes. It is my objective to evaluate and help 
quantify ecophysical forcings that drive saltmarsh geomorphology in order to gain insight 
into marsh sustainability with future sea-level rise. During the course of my doctoral 
degree, I have had the opportunity to study a broad range of saltmarsh environments, 
from expansive low-lying deltaic marshes of the Santee Delta (South Carolina), to high 
marsh platforms in the Plum Island Estuary (Massachusetts), to tiny, embayed marshes in 
Vll 
Boston Harbor. I have focused on how biology (macrofauna, macroflora) interacts with 
physical processes (hydrodynamics, sea-level rise), and how anthropogenic alteration has 
affected these interactions. While these studies are fundamental for determining how 
marsh ecosystems function and develop, they also provide insight into how marshes will 
respond to sea-level rise under future climate change scenarios, information critical for 
effective coastal management and restoration. 
This dissertation is structured as three chapters, each of which is a manuscript 
either currently published in a peer-reviewed journal, or in the process of being written 
and reviewed for a peer-reviewed journal. Many of my studies have been in collaboration 
with researchers either at Boston University or at other academic institutions. As such, 
throughout this dissertation I have made an effort to clarify data which was not collected 
personally. However, analyses and interpretations presented in the chapters are original 
contributions. For example, Surface Elevation Table (SET) data in Chapter 2 is from 
Plum Island Estuary Long-Term Ecological Research's online database, which covers 
almost ten years of SET short-term accretion measurements. This data was downloaded 
from the database, processed, interpreted, and compared to long-term accretion 
measurements I collected. 
Chapter 1, titled "The Effects of Crab Bioturbation on Mid-Atlantic Saltmarsh 
Tidal Creek Extension: Geotechnical and Geochemical Changes" was published in the 
journal Estuarine Coastal and Shelf Science in April2012. This manuscript was co-
authored by Z.J. Hughes and D.M. FitzGerald (both from Boston University). This study 
features ecophysical feedbacks from crab bioturbation facilitating tidal creek incision. 
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Burrowing herbivorous crabs sufficiently alter the geotechnical and geochemical 
properties of saltmarsh soil proximal to tidal creeks in the Santee Delta. Loss of 
belowground biomass (roots and rhizomes) from vegetation senescence and the physical 
act of burrowing weakens the soil, facilitating erosion. This project was funded by the 
National Institute for Climate Change Research (NICCR), the U.S. Fish and Wildlife 
Service, and small graduate research grants from the Society of Wetland Scientists 
(SWS) and the Geological Society of America (GSA). 
Chapter 2, entitled "Marsh Pool and Tidal Creek Morphodynarnics: Dynamic 
Equilibrium of New England Saltmarshes?" is a manuscript in prep for publication. It is 
targeted for submission to the journal Geomorphology, with a submission date of 
September 2012. Co-authors for this manuscript include D.M. FitzGerald (Boston 
University), Z.J. Hughes (Boston University), C.S. Hopkinson (University of Georgia), 
V. Valentine (University of Southern Maine), B.A. Argow (Wellesly University), and 
A.S. Kolker (Louisiana Universities Marine Consortium). This study highlights the 
relationship between saltmarsh pool formation and drainage conditions, particularly 
concerning the closure of anthropogenic ditches once used for agriculture and mosquito 
control. An analysis of elevation changes associated with pool formation, creek incision, 
and revegetation suggests the marsh is currently in dynamic equilibrium with sea-level 
rise. However, inorganic sediment supply remains a conundrum in this sediment starved 
system. Implication for future sea-level rise scenarios is also discussed. This project was 
funded by the National Science Foundation (NSF) and a small graduate research grant 
from GSA. 
IX 
Chapter 3, entitled "Evolution of Boston Harbor' s Embayed Saltmarshes: A 
Refined Holocene Sea-level Curve for Massachusetts and Implications of Recent 
Anthropogenic Alterations" is also a manuscript in prep for publication. It is targeted for 
submission to the journal Geology, with a submission date of October 2012. Co-authors 
for this manuscript include D.M. FitzGerald (Boston University), Z.J. Hughes (Boston 
University), A.S. Kolker (Louisiana Universities Marine Consortitim), and P.S. Rosen 
(Northeastern University). The geomorphic evolution of two embayed marshes in Boston 
Harbor (on Thompson and Peddocks Islands, respectively) is discussed. These marshes 
both developed in the mid-Holocene (~4 and ~2 thousand years ago, respectively), and 
dating of basal peats helps to refme the Massachusetts sea-level curve, particularly 
concerning the timing of sea-level deceleration. Recent anthropogenic diking and 
ditching has significantly altered the geomorphology of these two small saltmarsh 
systems, and their sustainability with future sea-level rise is questionable. This project 
was funded by the National Park Service. 
These three chapters provide a synthesis of ecophysical processes that impact 
saltmarsh geomorphology, from the effects ofbiology (e.g., crab colonization and 
bioturbation-Chapter 1; macrophyte degradation-Chapters 1 and 2), hydrology (e.g., 
changes in drainage density-Chapter 2; the effects of anthropogenic ditching and 
diking-Chapters 2 and 3), and sea-level rise (e.g. , saltmarsh evolution throughout the 
Holocene-Chapter 3; comparison of vertical accretion rates to sea-level rise-Chapters 
2 and 3). It is intended to better our understanding of past and present-day saltmarsh 
evolution, and provide insight into future marsh sustainability. 
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In addition to these three main chapters, a significant study focusing on 
geomorphic changes in a nutrient-enriched saltmarsh is presented (Landscape Evolution 
in a Nutrient-enriched Saltmarsh, LENS; found in Appendix G). These results are 
intended to be part of a publication co-authored with Z.J. Hughes (Boston University) 
and A.S. Kolker (Louisiana Universities Marine Consortium) to be submitted in 
September/October 2012, featuring biomass production (both above and belowground), 
bulk density, bulk organic content, grain size, vertical accretion, subsurface shear 
strength, and critical shear of surficial sediment. Only a brief description of the project 
and results of my analyses are presented as this is intended to accompany a much broader 
body of work. This project was funded by NSF. 
Several additional appendices accompany this dissertation. Appendix A features a 
table of all core locations, including general information such as core type, date of 
extraction, latitude, longitude, and compaction (if applicable). Appendix B is a listing of 
the core descriptions from all study locations. Appendix C is a complete assemblage of 
core diagrams, featuring core stratigraphy and vegetation changes. Appendix D includes 
bulk density and bulk organic content results for all cores analyzed. Appendix E shows 
the results of 210Pb analysis for all cores. Appendix F features the building and operation 
procedures for the gSET apparatus we constructed at Boston University for measuring 
high resolution topographic change (described in Chapter 2). As mentioned previously, 
Appendix G includes results from the Landscape Evolution in a Nutrient Enriched 
Environment project. The dissertation is concluded with a list of References found in the 
Chapters, and a personal Curriculum Vitae (CV). 
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CHAPTER! 
The Effects of Crab Bioturbation on Mid-Atlantic Saltmarsh Tidal Creek 
Extension: Geotechnical and Geochemical Changes 1 
Abstract 
1 
Understanding saltmarsh response to sea-level rise is critical for management and 
mitigation of these valuable coastal areas. However, comprehensive field studies of sea-
level driven changes to the marsh landscape that consider combined biological, 
geological, and hydrodynamic interactions are rare. This study analyzes ecophysical 
feedbacks from crab colonization and bioturbation on geotechnical and geochemical 
properties of the soil in a Mid-Atlantic Spartina alternijlora saltmarsh. The study area is 
within a marsh that is experiencing creek extension due to accelerated sea-level rise and 
increasing periods of marsh inundation. Measurements of redox potential, pH, 
belowground biomass, and soil strength reveal that intense crab bioturbation by Sesarma 
reticulatum significantly changes the biogeochemical properties of the soil. Oxidized 
conditions in the upper 10-15 em of the marsh induced by burrowing causes enhanced 
degradation of S. alternijlora belowground biomass (roots and rhizomes, reduction from 
1.9 ± 0.6 kg/m2 to 1.1 ± 0.4 kg/m2), which reduces the structural integrity of the soil. This 
process ultimately increases the erosion potential of the sediment in creek head areas 
(documented by a reduction in shear strength from 10 ± 7 kPa to 2 ± 1 kPa), facilitating 
creek extension in order to accommodate tidal flows. The pervasiveness of similar tidal 
1 This chapter is adapted from: Wilson, C.A., Hughes, Z.J. , and FitzGerald, D.M., 2012. The 
effects of crab bioturbation on mid-Atlantic saltmarsh tidal creek extension: geotechnical and 
geochemical changes. Estuarine, Coastal and Shelf Science, v. 106, p: 33-44. 
creek morphology in southeast Atlantic saltmarshes suggests this process is occurring in 
other marshes with a moderate tidal range undergoing sea-level rise. 
1. Introduction 
2 
An understanding of saltmarsh morphodynamics requires knowledge of 
biological, geological, and hydrodynamic interactions that create changes to the marsh 
landscape (Mudd et al., 2004, 2009; Nyman et al., 2006; Augustin et al., 2009; Huat et 
al., 2009; Hughes et al., 2009; Howes et al., 2010; Fagherazzi et al., 2011). For example, 
sediment deposition in marshes is highly dependent on suspended sediment availability 
and hydrodynamic conditions; both of which are modulated by presence and type of 
vegetation (Moeller et al., 1996; Christiansen et al., 2000; Leonard and Croft, 2006; 
Neumeier, 2007; Temmerman et al., 2007; Augustin et al., 2009). Concomitantly, plant 
productivity and organic contribution to saltmarsh accretion help maintain marsh 
elevation in the face of accelerating sea-level rise (SLR; Redfield, 1965; Morris et al., 
2002; Nyman et al., 2006; Kirwan and Murray, 2007; Mudd et al., 2010). Saltmarsh 
response to rising sea levels has been the subject of many studies to date (Reed, 1990; 
Schwimmer and Pizutto, 2000; Rybczyk and Cahoon, 2002; Nyman et al., 2006; Wilson 
and Allison, 2008), yet only recently have geomorphic process studies taken a 
comprehensive, interdisciplinary approach (Perillo and Iribarne, 2003; Perillo et al., 
2005; Escapa et a1.,2007). Saltmarsh biota (e.g., vegetation, macrofauna), framework 
geology, sediment character and availability, and hydrodynamic forcings must be 
considered as a whole to accurately describe and quantify saltmarsh geomorphology. 
Moreover, field-based information is needed in order to make valid predictions and 
provide well-founded parameters for models of marsh evolution with sea-level rise and 
climate change (Morris et al., 2002; Van Wijnen and Bakker, 2001; Kirwan and 
Temmerman, 2009; Kirwan and Guntenspergen, 2010; Fagherazzi et al., 2011; 
Fagherazzi et al, 2012). 
3 
A recent study by Hughes et al. (2009) found that Spartina alternijlora platform 
marshes of Cape Romain, South Carolina (southeast U.S. Atlantic coast, Fig 1.1), are 
responding to SLR and the consequent increase in tidal prism through expansion of the 
tidal creek network. Straight, low order tidal creeks have developed along the margins of 
larger, higher order channels and are lengthening and becoming more complex over time 
(rate of incision -2 rnlyr; Hughes et al., 2009; Fig 1.1c and d). Damming ofthe Santee 
River in 1939 significantly reduced sediment discharge, thereby decreasing the 
contribution of inorganic material available for saltmarsh accretion across the delta. In 
response to this condition as well as possible subsidence, the marshes of the Santee delta 
(including Cape Romain) are experiencing a high level of relative sea-level rise (RSLR, 
>3.2 mrnlyr) and marsh inundation (Hughes et al., 2009). The observed creek extension is 
likely a result ofthe increase in tidal prism and hydraulic duty that must be 
accommodated (Allen, 1997; Friedrichs and Perry, 2001; Hughes et al., 2009). Drainage 
density (total creek length divided by marsh area) has increased 23% between 1958 and 
2006 through the formation and elongation of these creeks (Fig 1.1 b). 
Although tidal creek development in saltmarshes is expected under a regime of 
rising sea-level (observed in Australia, Knighton et al., 1991; United Kingdom, Shi et al., 
1995; Bahamas, Rankey and Morgan, 2002; Allen, 1997; Friedrichs and Perry, 2001; 
Kirwan and Guntenspergen, 2010), feedbacks between biology, hydrodynamics, and 
sediment dynamics appear to facilitate creek extension in this region. Heads of newly 
formed creeks exhibit low topography compared to the surrounding marsh platform, are 
denuded of vegetation (i.e., mudflat), and are heavily populated by herbivorous and 
burrowing crabs (Figs 1.1 e and 1.2; Hughes et al., 2009; Vu et al., 2011 ). Over time, 
4 
these denuded creek head regions translate with the creeks as they extend into the marsh 
platform. Vegetated areas of the marsh experience die back of S. alterniflora vegetation 
and loss in elevation (up to 50 em), whereas formerly unvegetated areas of the creek head 
become re-vegetated and regain elevation as the channel head migrates further inland 
(Fig 1.1 d; Hughes et al., 2009). Crab bioturbation and herbivory are strongly associated 
with plant dieback. Hughes et al. (2009) and Vu et al. (2011) found the regions of plant 
dieback are heavily burrowed (>800 burrows/m2) and preferentially inhabited by Sesarma 
reticulatum, an herbivorous crab (Fig 1.2). Additionally, density of crab burrows 
negatively correlates with S. alterniflora stem density (Hughes et al., 2009). It is likely 
that removal of S. alterniflora rooting and modification of saltmarsh sediments (e.g., 
reworking, formation of feeding pellets) affect the cohesion and thus erodibility of the 
soil, while increased permeability due to burrowing alters the biogeochemistry of the soil 
(e.g., aeration leading to degradation of organic matter). However these processes are yet 
to be quantified. 
We observe similar tidal creek formation and extension in other southeast U.S. 
Atlantic saltmarshes (including near Bulls Bay, Beaufort, and Edings Island in South 
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Carolina, and Brunswick, Mcintosh, and Savannah in Georgia), indicating the processes 
occurring in the Santee Delta are not location specific. Moreover, field examination of 21 
creeks on Sapelo Island, Georgia (southeast U.S.), confirm that geomorphically similar 
creeks are heavily populated by Sesarma crabs in denuded creek heads. Further, crab 
bioturbation and its effect on vegetation and creek formation has been addressed by 
recent studies in South American saltmarshes (Perillo and Iribarne, 2003; Minkoff et al., 
2006; Escapa et al. , 2007). In one case, heavy crab bioturbation caused plant stress and 
die back. Subsequent percolation of tidal waters through burrows that were frequently 
inundated led to undermining of saltmarsh soil and eventual formation of tidal channels 
(Perillo and Iribarne, 2003). In another study, new creeks developed through subsurface 
piping created and enlarged from crab and fish bioturbation (Perillo et al., 2005). Crab 
bioturbation may also affect the remineralization of organic material in the soil, both 
aerobically (Bertness, 1985; Koo et al., 2005; Thomas and Blum, 2010) and 
anaerobically (Kostka et al., 2002; Gribsholt et al., 2003), which could hinder 
preservation of belowground plant material. These findings highlight the need for 
comprehensive geomorphologic studies that account for biological, geological, and 
hydrodynamic interactions in saltmarsh settings. 
To address this need, this study examines biogeochemical processes and 
ecophysical feedbacks between bioturbation and tidal creek extension occurring in U.S. 
southeast Atlantic saltmarshes (Cape Romain, South Carolina; Hughes et al., 2009). This 
paper primarily examines relationships between rooting (belowground biomass), 
geotechnical properties (soil strength, bulk density, organic content), and geochemical 
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properties (through measurements of redox potential and pH) in a Spartina alterniflora-
dominated saltmarsh. Since there is an observed loss in Spartina alterniflora vegetation 
in heavily burrowed areas, we hypothesize that belowground biomass, organic content, 
and soil strength will decrease in heavily bioturbated areas. A loss in organic content will 
be coincident with an increase in bulk density, and redox potential will likely increase as 
a result of greater soil aeration. Since this saltmarsh is regularly flooded with the tide, we 
hypothesize pH will remain the same (Reddy and DeLaune, 2008). 
Our findings suggest crab bioturbation is does change the geotechnical and 
geochemical properties near the heads of tidal creeks, and these changes are responsible 
for vegetation die back and the formation of topographic lows, which facilitates rapid 
headward erosion of creeks. 
2. Methods 
In situ measurements were taken at a field site in Cape Romain, South Carolina, a 
Spartina alterniflora dominated backbarrier marsh (tidal range 1.48 m, Fig 1.1 ). Straight, 
low order tidal creeks have developed along the margins of larger, higher order channels 
and are currently incising the marsh platform at a rate of ~2 m/yr (Hughes et al., 2009). 
Concurrently, higher order channels do not exhibit similar extension. Areas of severe 
crab bioturbation are associated with creek heads. Relationships among rooting, 
geotechnical, and geochemical properties were examined at 5 creek heads as described 
below. 
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2.1 Creek head core transects 
A series of five core transects was taken from the marsh platform into five creek 
heads in May and September 2010. Historical aerial photographs indicate that these five 
creeks have been experiencing headward erosion into the marsh platform over the past 50 
years and that the present day creek heads transitioned from vegetated marsh within the 
last decade (Fig 1.1d). Each transect consisted of four half-cylinder gouge auger cores (8 
em diameter, 60 em depth) located: 1) on the marsh platform where healthy short-form 
Spartina alterniflora dominates, 2) in the transition zone between the vegetated marsh 
platform and unvegetated creek head (hereafter referred to as the 'dieback' area because 
of noticeable dead stalks of vegetation), 3) in the unvegetated creek head (mudflat), and 
4) in there-vegetated area where tall-form Spartina alternijlora has recently colonized 
the creek head mudflat (as documented by Hughes et al., 2009; Fig 1.1e). Each core was 
analyzed for soil oxidation-reduction potential (Eh), pH, soil strength, bulk density, bulk 
organic content, and belowground biomass (procedures outlined below). Care was taken 
to prevent core compaction upon insertion and extraction; cores exhibiting compaction 
were discarded. 
2. 2 Redox Potential (Eh) and pH 
Soil Eh and pH were determined in the field immediately following extraction of 
each core using a handheld Hanna Instruments HI 910003 oxidation-reduction/pH double 
electrode probe. A correction factor of 200 m V was applied to calibrate our Ag/ AgCl 
redox electrode readings to a standard hydrogen reference electrode. The probe was 
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inserted 4 em into the core along the exposed side of the auger and allowed to equilibrate. 
Measurements were taken at 5 em intervals to a depth of 15 em, and every 10 em 
thereafter to a depth of 60 em. Both pH and Eh were recorded for each depth, and the 
electrode was washed with DI between readings. Due to instrument complications, Eh 
and pH were not measured at sites SD-8 to SD-11. 
2.3 Soil Shear Strength 
Soil shear strength was determined in the field both in situ and within extracted 
cores using a hand-held Seiken shear vane that has four interchangeable vanes and four 
torsional springs that range from 2 to 50cN·m. This measurement records the failure of 
cohesive sediment under torsional stress, which can be useful to compare the relative 
integrity of the root matrix and the cohesiveness of the soil with depth, as determined in 
other saltmarsh studies (Escapa et al., 2007; Wilson and Allison, 2008; Howes et al. , 
2010; Turner, 2011). Shear vane measurements have been found to correlate well with 
sediment erosion threshold measurements, showing similar spatial variation and response 
to factors such rooting, microalgae and compaction (Chen et al., 2012). For in situ 
measurements a 4 em vane was used, inserted vertically into the marsh surface. Readings 
were taken at 10 em intervals from 5 to 95 em. For measurements in extracted core 
samples, a 3 em vane was inserted into the center of the core along the exposed side of 
the auger. Readings were taken at 1 0 em intervals down-core, beginning at a depth of 5 
em to the end of the core. In situ measurements provide soil shear strength readings along 
the horizontal x-y axis, and measurements from the extracted core samples provide soil 
shear strength readings between the horizontal and vertical plane (x-z axis). 
2. 4 Below-ground Biomass and Geotechnical Properties 
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Following redox and shear vane measurements, cores were sectioned into 10 em 
intervals to a depth of 60 em and each section was returned to the lab for belowground 
biomass, bulk density, and organic content analysis. Samples were washed with a 500 
micron sieve to remove mud (predominant grain size in this area) and other inorganic 
content (shells or other large sized particles were removed from the sieve). Organic 
material trapped in the sieve (consisting of roots, rhizomes, and detritus of Spartina 
alterniflora) was removed, dried, and weighed. No distinction was made between live 
and dead belowground biomass. Material that washed through the sieve (<500 11m) and 
larger inorganic particles (i.e., shells, sand) were collected, dried, and weighed. Bulk 
density (dry weight per volume) was determined by combining the organic belowground 
biomass and inorganic dry mass of the samples and dividing by the calculated sample 
volume (cylinder dimensions: 8 em diameter, 10 em height). Bulk organic content of the 
soil was determined by recombining the organic and inorganic fractions after drying and 
performing standard loss on ignition (550°C for 14 hr). Biomass, bulk density, and bulk 
organic content were not quantified at sites SD-26 to SD-29 (sampled in September 
201 0) due to expected seasonal differences in the belowground biomass. 
2. 5 T-test of Equivalency 
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The t-test of equivalency of two sample means was used to determine statistically 
significant differences in pH, Eh, belowground biomass, bulk density, organic content, 
and shear strength (Davis, 2002). T -values for each comparison were calculated using: 
X1-X2 
t=---SE 
where X1 and X2 are the two population means, and SE is determined from: 
5E 
(N1 - 1)512 + (N2 - 1)522 
(N1 + N2- 2) (:1) + (:2) 
where N1 and N2 are the number of samples in each population, and S 1 and S2 are the 
standard deviations associated with means X1 and X2, respectively (Davis, 2002). T-
values were then compared to critical values oft (t-crit) at the 95% Confidence Interval 
(a= 0.05) found in statistical data tables (two-tailed), where the number of degrees of 
freedom was N1 + N2 - 2 (Davis, 2002). If calculated t-values were greater than t-crit, the 
means were considered significantly different. 
3. Results 
3.1 Eh and pH 
Measurements of Eh and pH at depth along the creek head transects ranged from -
201 to +617 mV and 4.6 to 7.3 , respectively (Figs 1.3 and 1.4, Table 1.1). These results 
were variable depending upon core location (marsh, dieback, creek head, revegetated 
zone) and depth, but in general, the upper ~ 1 0-15cm of the soil was more oxidized and 
had a lower pH than at depth (Fig 1.3, Table 1.1). Below the surface (>20 em), Eh and 
pH were relatively stable (averaging ~ -150 mV and 6.9, respectively; Fig 1.3). In the 
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surficial sediment, Eh and pH varied significantly along transects from the marsh 
platform across the creek heads into revegetated areas (Fig 1.4 and Table 1.1 ). Although 
the absolute values of Eh varied, there seemed to be a distinct trend throughout the five 
transects in surficial soils (hereafter considered the uppermost 10 em due to sampling 
intervals): moderately reduced conditions in the marsh platform sediments (38 ± 126 
mV), oxidized soil in the dieback area (averaging 461 ± 145 mV), followed by weakly 
reducing conditions in the creek head (averaging 182 ± 158 mV; Fig 1.4). In the 
revegetated area where tall-formS. alterniflora had recolonized the former creek head, 
the Eh was, on average, more oxidized than in the vegetated marsh platform where short-
formS. alterniflora dominated (averaging 370 ± 205 m V). There was a statistically 
significant difference in Eh between marsh vs. dieback, marsh vs. revegetated, and creek 
head vs. die back using at-test of equivalency at the 95% Confidence Interval (Table 1.2). 
Similar trends have been found in previous studies concerning creek bank versus marsh 
platform soil conditions (i.e. , Howes et al. , 1981 ; Delaune et al. , 1983) in which the 
values are dictated by drainage conditions, waterlogging and the location of the water 
table at low tide (better drainage and more oxidized soil conditions in the revegetated 
zone allows the growth of tall-formS alterniflora). Measurements of pH were negatively 
correlated with redox potential (R2= 0.74) and displayed a similarly distinctive trend 
along the transect lines (Fig 6, Table 1.1). There was a marked decrease in pH between 
the surficial sediments of the marsh platform and those in the dieback zone (averages= 
6.5 ± 0.2 and 5.6 ± 0.5, respectively), followed by a return to platform levels in the creek 
head and revegetated zones (averaging 6.4, Table 1.1). This was statistically significant 
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between the marsh and dieback area, and between the dieback and creek head zone at the 
95% Confidence Interval (Table 1.2). 
3.2 Belowground Biomass and Inorganic Dry Weight 
Belowground biomass was most variable within the upper 10 em of the soil due to 
the differences in extent oflive rooting amongst the environments (Fig 1.3 and 1.4). If 
one considers the average belowground biomass of the whole core (0-60cm), no 
noticeable differences were observed among sites (Fig 1.3). However, in the surficial 
sediments belowground biomass decreased significantly (up to 60%) from the marsh 
platform into the creek head (average dry weights decreased from 9.3 ± 3.3 g to 3.8 ± 1.5 
g), and exhibited a slight increase in revegetated zones ( 4.6 ± 1.5 g; Fig 1.4, Table 1.1 ). 
Averages are significantly different at the 95% Confidence Interval between the marsh 
and creek head, and marsh and revegetated areas (Table 1.2). This corresponds to a 
belowground standing stock of 1850 ± 650 g/m2 in the upper 10 em of the marsh, which 
decreases to 1084 ± 366 g/m2 in the dieback area and 764 ± 302 g/m2 in the creek head. 
Growth of tall-form Spartina alterniflora in the revegetated areas caused belowground 
standing stocks to rebound to 931 ± 306 g/m2 (Table 1.1). The inorganic dry weight 
fraction of surficial samples also decreased significantly (by 52%) from the marsh to the 
dieback (from 75.1 ± 5.3 g to 35.8 ± 15.9 g), and then rebounded in the creek head and 
revegetated zone (56.5 ± 13.2 g and 77.2 ± 15.4 g, respectively; Fig 1.4 and Table 1.2). 
This was due to large void space (honeycombing) of the soil in the die back region 
resulting from dense crab burrows (Vu et al., 2011; Fig 1.2). Averages are significantly 
/ 
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different at the 95% Confidence Interval between the marsh and dieback, and marsh and 
creek head areas (Table 1.2). 
The ratio of organic to inorganic mass (unitless) can be calculated and compared 
along the creek head transects. Smaller organic:inorganic ratios were found in the 
surficial soil layers of the creek head and revegetated areas, compared to healthy marsh 
and dieback areas, as the belowground biomass (mass of organic) decreased in these 
areas (Fig 1.4 and Table 1.1 ). In the die back area, however, the inorganic sediment 
contribution was also greatly reduced (due to the greater void space from high burrow 
density, Vu et al., 2011) so the organic:inorganic ratio was larger compared to other 
zones (Table 1.1 ). No apparent trends were observed between belowground biomass and 
inorganic dry mass for the whole cores, however surface sediment could be loosely 
grouped into the different environments (marsh, dieback, denuded creek head, re-
vegetated) by these parameters (Fig 1.5). 
3. 3 Bulk Density and Bulk Organic Content 
Bulk density in the surficial soil layers also varied significantly in the different 
environments (Tables 1.1 and 1.2). Bulk density in the dieback regions was 4 7% lower 
than that on the marsh platform, again attributed to the large void space resulting from 
dense crab burrows. Bulk density trends further reflected variations in void space as it 
then increases to near-marsh platform levels in the less densely burrowed revegetated 
zone (Table 1.1 ). Averages are significantly different at the 95% Confidence Interval 
between the marsh and dieback, and marsh and creek head areas, but not between the 
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marsh and revegetated zone (Table 1.2). While belowground biomass decreased 
significantly from the marsh platform into the creek head and revegetating areas, bulk 
organic content determined from loss on ignition also reflected this variation (Tables 1.1 
and 1.2). This suggests a transition from large particulate organic carbon (in the form of 
plant roots and rhizomes) to another form dissolved in the fme soils (Benner et al. , 1991, 
and references therein). Bulk organic content was not significantly different at the 95% 
Confidence Interval between the marsh and dieback, and marsh and revegetated zone, 
however (Table 1.2). 
3.4 Soil Shear Strength 
Values of shear strength reflect the integrity of the root matrix and cohesion of the 
soil. Therefore, shear strength measurements reflect belowground biomass results (i.e., 
root density) in addition to compaction with depth (Fig 1.3 and 1.4). Shear strength was 
most variable in the upper 1 0 em (average in x-y and x-y direction ranging from 1.2 to 1 7 
kPa). Although the absolute values of strength varied, there was a distinct trend 
throughout the five transects (Fig 1.4 ). Highly variable but greater average shear 
strengths in the marsh platform sediments reflect the presence of live Spar tina roots and 
rhizomes (10 ± 7 kPa). Lower average shear strengths were observed in the dieback area 
(averaging 5 ± 3 kPa), and significantly lower average shear strength was measured in the 
unvegetated creek head (averaging 2 ± 1 kPa; Fig 1.4 and Table 1.2). In the revegetated 
area where tall-formS. alterniflora had recolonized the former creek head, the shear 
strength remained low (averaging 3 ± 1 kPa) likely because plants had not had sufficient 
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time to fully re-root the weakened soil, although this was not significantly different at the 
95% Confidence Interval (Table 1.2). Averages were significantly different at the 95% 
Confidence Interval between the marsh and creek head only (Table 1.2). Immediately 
below the active root zone, shear strength decreased to ~4 kPa for all creek head zones 
(Fig 1.3). Below this level shear strength gradually increased to ~8 kPa at a depth of 1 m 
(likely due to compaction as found in other shear strength studies, e.g., Howes et al., 
2010). 
Because shear strength measurements were taken both in situ and in the extracted 
cores, it is possible to analyze soil strength in two different dimensions, along the x-y 
plane (in situ) and x-z plane (extracted core). In general, these measurements were found 
to be similar (Fig. 1.3). At depth, shear strength measured in the x-z plane appeared to be 
lower than strength in the x-y plane (Fig 1.3), although this excludes measurements taken 
in the revegetated zone where results are almost exactly the same. In the surficial marsh 
samples, shear strength in the x-z plane was greater than strength in the x-y plane in the 
upper 20 em (Fig 1.3). This could indicate differential strength associated with live 
rooting, suggesting that live S. alterniflora roots can withstand greater stress in the 
vertical dimension compared to horizontal. This seems reasonable considering the 
vascular bundles and elaborate aerenchyma system that provide the support of Spartina 
roots and rhizomes are aligned vertically (Maricle and Lee, 2002). Additionally, shear 
strength in the x-z plane was significantly different at the 95% Confidence Interval 
between the marsh, dieback, creek head, and revegetated zones (Table 1.2). 
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3.5 Correlation ofGeotechnical Properties 
Figure 1.6 displays correlations between the geotechnical and geochemical 
properties measured in this study (pH, Eh, belowground biomass, shear strength). Linear 
regression lines and p-values were determined using Excel. It is evident that variation of 
geotechnical and geochemical properties was only occurring in the surface sediments (0-
1 0 em) of marsh, die back, creek head, and revegetated zones (Fig 1.3, Table 1.1 ). 
Therefore it is not surprising that correlations were not common when looking at samples 
from entire cores (to 60 em depth; Fig 1.6). In samples from surficial sediments, strong 
correlations were found between Eh and pH (R2 = 0.74, p = 0.001), and shear strength 
and belowground biomass (R2 = 0.83, p = 0.001); a weak correlation was found between 
belowground biomass and Eh (R2 = 0.38, p = 0.04; Fig 1.6). 
4. Discussion 
Results from our study indicate that rapid headward erosion of newly formed, low 
order creeks in the Santee delta (formed by relative sea-level rise; Hughes et al., 2009) is 
likely facilitated by the geotechnical and geochemical changes associated with crab 
activity (particularly that of Sesarma reticulatum). Average redox potet:t.tial (Eh), pH, 
belowground biomass, inorganic weight, bulk density, and shear strength were all 
distinctly different in surface sediments ofheavily bioturbated zones adjacent to creek 
heads (locations where visible Spartina alternijlora dieback occurred) compared to more 
moderately bioturbated marsh platforms and unvegetated mudflats in the creek head. 
These measurements reveal that intense crab bioturbation and the formation of 
interconnected burrows by Sesarrna sp. significantly changes the properties of the soil, 
which affects the geomorphic evolution of the saltmarsh platform. 
4.1 Effect of crab bioturbation on plant production and below ground biomass 
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Different crab species have preferential distribution in saltmarshes; results by Teal 
(1958) and more recently by Vu et al. (2011) found that fiddler crabs (Uca sp) 
predominantly inhabit the marsh platform with stunted Spartina alterniflora, whereas 
creek edges with tall-formS. alterniflora were dominated by Sesarma and Eurytiurn sp., 
distribution depending mostly on substrate preference, salinity tolerance, and predation 
and competition as opposed to food source. In the saltmarshes of the Santee Delta, Vu et 
al. (20 11) found that burrow density was much greater in die back regions surrounding 
creek heads compared to other areas of the marsh, and Sesarrna reticulaturn, an 
herbivorous crab, was the most common species found in the dieback region. Sesarrna sp. 
prefers peaty substrates and digs burrows that are larger than those of Uca (2.5-4 em 
openings compared to 0.5-2 em; Bertness et al., 2009). The burrow morphology of 
Sesarma reticulaturn is complex, with numerous horizontal interconnecting branches 
~ 10-15 em beneath the marsh surface, whereas the burrows of fiddler crabs are simple 
vertical structures that are not inter-connected (Crichton, 1960; Allen and Curren, 1974; 
Seiple and Salman, 1982; Bertness et al., 2009). If crab burrows are connected, 
subsurface tidal flows may increase (Xin et al., 2009). The interconnected burrows of 
Sesarrna in the study area facilitate flooding and drainage of the marsh; water percolates 
through the elaborate burrow passages before flowing onto the marsh platform at 
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flooding stages of the tide, and likewise passes through burrow structures into incipient 
channels of tidal creeks at ebbing stages of the tide (authors personal observations). This 
has major implications for soil oxygenation conditions and macrophyte primary 
production. 
Previous studies have shown that moderate crab bioturbation may be beneficial to 
saltmarsh primary productivity; in particular, burrowing by fiddler crabs, Uca sp., 
benefits growth of Spartina alterniflora (Montague, 1982; Bertness, 1985). S. alterniflora 
has the ability to oxidize the sediment surrounding its roots by passive diffusion, however 
under waterlogged conditions plant growth is limited by a decrease in oxygen release, 
which lowers the redox potential of the soil and increases accumulation of toxins such as 
sulfides (Howes et al. , 1981; Delaune et al., 1983). Burrow structures may increase the 
surface area of the marsh for oxygen exchange from both the atmosphere and tidal waters 
(20-60% or more; Montague, 1982; Koo et al., 2005; Xin et al., 2009; Thomas and Blum, 
201 0), which may reduce the concentration of sulfides and increase the uptake of 
nitrogen, fueling plant production (Howes et al., 1981; Delaune et al., 1983; Bradley and 
Morris, 1990). However, crab bioturbation may also affect the remineralization of 
organic material in the soil, both aerobically (Bertness, 1985; Koo et al. , 2005; Thomas 
and Blum, 2010) and anaerobically (Kostka et al., 2002; Gribsholt et al., 2003), which 
could hinder preservation of belowground plant material. 
In our study, belowground biomass decreased significantly ( 41%) from the marsh 
platform into the dieback area where Sesarma burrow densities were greatest, redox 
conditions were oxygenated, and pH was lowest (Figs 1.3 and 1.4; Table 1.1). This 
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suggests that Sesarma crab bioturbation causes the aerobic remineralization of 
belowground organic material. Bulk organic content of the soil (determined from loss on 
ignition) did not decrease in parallel, which indicates a possible transition from large 
particulate organic carbon (in the form of plant roots and rhizomes) to another form 
dispersed in the fine soils (Fig 1.4 and Table 1.1). For example, other studies have shown 
that during the decomposition of Spartina alterniflora, substantial quantities of dissolved 
organic matter are produced (Benner et al., 1991, and references within). However, 
differentiation of particulate and dissolved organic matter was not measured in this study. 
Aeration of saltmarsh soils can have negative effects on soil conditions, as well. 
Oxygenation can result in formation of severely acidic conditions (pH<2) from the 
oxidation of pyrite (FeS2, common in reduced soil) to ferric hydroxide (Fe(OH)3) and 
sulfuric acid (H2S04; Reddy and Delaune, 2008). Measurements of lower pH ( ~5 .5 
compared to ~6.5) were found in dieback zones, indicating acidification of saltmarsh soil 
from aeration could be a factor in the S. alterniflora dieback. Further research is needed 
to evaluate these geochemical effects. 
Although evidence presented here attributes the loss in belowground biomass to 
oxygenation and remineralization of the organic material, it cannot be discounted that the 
herbivore Sesarma reticulatum may be foraging on the roots and rhizomes of this plant, 
or that the physical act of burrowing damages them. These crabs preferentially feed on 
the surface at high tide and at night, picking small pieces of plant material from the 
substrate and consuming leaf material from the culms (Seiple and Salmon, 1982). 
Although crab herbivory by Sesarma has been cited as responsible for recent vegetation 
dieback in certain marshes (i.e. , New England, Holdredge et al. , 2008; Smith, 2009), 
these studies primarily focused on changes in aboveground biomass. Belowground 
foraging or damage to roots has not been studied in this crab species. Moreover, 
Holdredge et al. (2008) found that changes in predator population dynamics (e.g., 
decrease in predation of Sesarma crabs on Cape Cod compared to Narragansett Bay) 
reduced top-down control on Sesarma populations and thus increased dieback 
occurrence. This suggests that population dynamics of key species can have a drastic 
effect on geomorphic changes in saltmarshes. 
4.2 Effect of crab bioturbation on soil stability 
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Many studies have shown enhancement of soil erosion results from macro faunal 
habitation and bioturbation whereby cohesive fine-grained sediment (mud and silt) is 
disaggregated and repackaged into particles that are more easily transported (Rhoads, 
1974; Blanchard et al. , 1997; Austen et al. , 1999; Paterson et al. , 2000; de Deckere et al., 
2001 ). Blanchard et al. ( 1997) found that the critical erosion threshold from flume 
measurements on surficial mudflat soils is highly dependent on sediment cohesiveness 
and bioturbating infauna lower this threshold. Further, experimental reduction in the 
density ofinfauna (de Deckere et al. , 2001) created a 300% increase in sediment stability 
on intertidal mudflats in the Humber estuary (UK). From these and other studies, it is 
generally accepted that bioturbators have a destabilizing effect and enhance the 
erodibility of intertidal sediments. 
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Our study shows weakening of vegetated marsh soil that is highly correlated with 
crab bioturbation and loss ofbelowground biomass (Figs 1.4 and 1.6). There was a 50% 
decrease in shear strength in areas with high Sesarma sp. crab density, which was likely 
due to the loss in the belowground biomass of Spartina plants. The roots and rhizomes of 
these plants bind the soil and create a stronger, more cohesive substrate (van Eerdt, 
1986), and loss of these structures (decomposition from oxygenation of the soil or crab 
foraging) causes instability of the soil. Escapa et al. (2007) similarly found that crab 
bioturbation (by Chasmagnathus granulatus) severely weakened saltmarsh soil. The 
resulting unconsolidated substrate may be more easily eroded under normal tidal flow 
conditions, and translates to lower critical erosion thresholds (Blanchard et al., 1997; 
Chen et al., 2012), although direct measurements of this parameter were not undertaken 
in this study. Soil shear stress from a torsional vane can also provide insight into soil 
cohesiveness with depth (a critical advantage for determining weak layers in the 
subsurface). 
The loss of surficial inorganic material in heavily burrowed creek head areas (Fig 
1.4) further supports the notion that crab bioturbation affects the removal of sediment in 
these areas. Moreover, there is a defined loss in elevation (>50 em) that occurs in creek 
head areas and focusing of tidal flows has been observed (Hughes et al., 2009). Extensive 
burrowing also increases the total surface area that might be exposed to flows capable of 
erosion. The question arises whether the loss in inorganic sediment is through 
destabilization of cohesive sediment and physical suspension (erosion caused by active 
burrowing), or repackaging of cohesive mud by crabs into more easily transported fecal, 
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feeding, and/or excavation pellets. A recent study by Gutierrez et al. (2006) found that 
material collected in burrow mimics inserted into the marsh had a higher percent total and 
labile carbon content than sediment excavated by crabs, suggesting that crab-excavated 
material is not transported as bedload. They also report that more material by weight was 
excavated by crabs than collected in burrow mimics, suggesting a net export of material. 
As most burrowing activity of Sesarma occurs when the marsh is inundated (up to high 
tide; Seiple and Salmon, 1982), the potential for suspension of destabilized or excavated 
sediment by tidal flow is high. In addition, percolation of water through burrows has been 
observed during ebb tides when water level drops below bankfull conditions, thus the 
potential for destabilized sediment to erode under these conditions is also high. This 
study highlights the need of further investigation to determine how sediment is eroded in 
heavily bioturbated regions, and the outcome of this sediment (i.e., whether material 
excavated by crabs is suspended and subsequently exported through creeks or 
redistributed onto the adjacent marsh surface). 
4.3 Tidal creek ecophysical processes: bioturbation impacts on geomorphology 
Although recent research has shown that crab bioturbation affects the production 
and degradation of organic material in saltmarshes (Kostka et al., 2002; Gribsholt et al., 
2003; Koo et al., 2005; Thomas and Blum, 2010), our study highlights the resultant 
geomorphologic impact on the marsh platform. Biotic (macrophyte, macrofauna), 
sediment, and hydrodynamic interactions act in concert to facilitate creek headward 
erosion. We propose a conceptual model to summarize the mechanisms responsible for 
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rapid creek extension (Fig 1.7). Aboveground Spartina alterniflora plants are consumed 
proximal to the heads of tidal creeks by the herbivorous crab, Sesarma reticulatum (Vu, 
personal comment), and there is extensive degradation ofbelowground biomass in the 
upper 10-20 em ofthe soil, which includes the roots and rhizomes that bind the soil. 
Sesarma habitation and bioturbation does not benefit primary production, but instead 
increases breakdown of subsurface peat and Spar tina roots and rhizomes, which 
destabilizes the sediment (Fig 1. 7b ). Feedbacks associated with heavy crab bioturbation 
are fourfold: 1) crabs destabilize saltmarsh soil by burrowing and repackaging sediment 
into more easily eroded pellets; 2) belowground peat is destabilized by potential foraging 
and oxygenation of the soil which leads to acidification; 3) physical erosion of material 
and loss of subsurface organics leads to a decrease in elevation at creek heads and 
focusing of tidal flows from the marsh platform, and finally; 4) decreased aboveground 
biomass (from stress or foraging; Hughes et al., 2009) reduces baffling of tidal flows, 
allowing higher current velocities (Temmerman et al. , 2007). These mechanisms 
occurring in creek heads enhance the ability of tidal waters to erode soil where 
bioturbation is prolific, facilitating rapid creek extension in the Santee delta saltmarshes 
(Fig 1.7c). As creeks extend into the marsh platform, former creek head mudflats 
transition from erosional to depositional environments and become revegetated with tall-
formS. alterniflora (Fig 1.7d). Further research is needed to evaluate why Sesarma 
density is lower in revegetating zones, but it is hypothesized that substrate strength is the 
dominant factor (Vu, personal comm). 
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The influence of crab bioturbation on saltmarsh geomorphology is not unique to 
Cape Romain. Geomorphically similar creeks are found in other southeast U.S. Atlantic 
saltmarshes, and rapid erosion is also occurring at heavily bioturbated creek heads with 
Sesarma on Sapelo Island, Georgia (Vu and Pennings, pers. comm.). In addition, heavily 
bioturbated areas close to incising tidal creeks were described by May (2002) on the 
Delmarva Peninsula. The study identifies "transition" areas of low-density vegetation 
with "a mixture of dead and dying plants", distinct "erosional holes in the marsh surface" 
greater than 5 em diameter and a decrease in belowground biomass in the creek head 
areas where these holes exist. Although no direct link was drawn between crab activity 
and creek incision, the erosional holes described by May (2002) are likely burrows, with 
the crabs causing stress and death of the vegetation, as in our study. Other ecophysical 
studies globally have connected crab activity to creek incision. Perillo and Iribarne 
(2003) linked the formation of new tidal creeks to crab bioturbation in a Salicornia 
dominated marsh of the Bahia Blanca Estuary of Argentina. On the lower marsh, 
Chasmagnathus granulatus burrow holes are permanently inundated and erosion occurs 
as groundwater flows undermine the soil. This differs slightly from our study as the crab 
burrows observed in Cape Romain are drained at low tide, allowing oxygenation of the 
soil. However, Escapa et al. (2007) suggested that creek formation and erosion in a 
similar area in Argentina (Sarcocornia dominated, Chasmagnathus bioturbated) was 
likely influenced by the change in geotechnical properties of the soil. Modeled 
interactions between plants and crabs suggest that landscape modifications from these 
interactions may facilitate the development of tidal creeks (Minkoff et al., 2006). Thus, it 
25 
can be concluded from this and other studies that tidal flow through disturbed, 
bioturbated saltmarsh soil is capable of erosion and formation of creeks in many locales. 
Although crab interactions with vegetation may enhance creek erosion, it is 
unlikely to be the driving mechanism. Primary creeks form on saltmarsh platforms where 
slight topographic gradients focus tidal flow (Chapman, 1960; Perillo et al., 1996; Perillo 
and Iribame, 2003, and references therein). Hughes et al. (2009) established that creek 
network expansion in our study area is a response to SLR and the consequent increase in 
tidal prism. Moreover, the formation and extension of primary creeks has been observed 
as a response to SLR in many areas unimpacted by severe bioturbation (Knighton et al., 
1991; Shi et al., 1995; Rankey and Morgan, 2002). In addition, numerical models support 
the paradigm that water surface elevation gradients drive creek network development 
(Rinaldo et al., 1999; Fagherazzi et al., 2012) and headward erosion can occur at creek 
heads where the hydrodynamic shear stress exceeds a threshold value (D' Alpaos et al., 
2005). Thus, hydrodynamic forcings (tidal range, rate of relative sea-level rise) 
modulated by vegetation effects (dominant vegetation type, rooting, adaption to stress) 
are more likely to be driving specific rates of creek extension at a particular location. 
However, feedbacks associated with crab bioturbation are still important and should not 
be ignored. 
Although degradation of belowground saltmarsh material, loss in elevation, and 
erosion is associated with Sesarma crab bioturbation in Cape Romain (and potentially 
may be occurring in many southeast U.S. saltmarshes), it is possible that enhanced tidal 
creek incision may be beneficial for the sustainability of these wetlands. With extension 
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of tidal creeks, larger tidal volumes can be accommodated (Shi et al., 1995; Marani et al., 
2003). Moreover, sediments sourced from eroding marsh areas (in this case from creek 
incision) may provide material for accretion of the surrounding marsh platform, aiding 
marsh elevation relative to sea-level (Reed, 1995; Morris et al., 2002; Wilson and 
Allison, 2008). Observations suggest that marsh areas proximal to creeks experience 
higher sediment accretion (Stumpf, 1983; Christiansen et al., 2000; LeMay, 2007; 
Temmerman et al., 2007). It is also possible, however, that this ongoing tidal creek 
extension may be an initial indication of overall marsh degradation and disintegration: 
under high rates of sea-level rise, models predict marsh platforms are unable to maintain 
elevation and eventually submerge (Kirwan and Guntenspergen, 201 0), and several 
studies indicate a recent acceleration in the rate of sea-level rise (Church and White, 
2006; Jevrejeva et al., 2008; Kolker et al., 2010). While our study indicates that 
biological and physical feedbacks impact tidal creek extension, further research focusing 
on interactions between biota and geomorphology is needed to determine long-term 
saltmarsh platform response to sea-level rise. 
5. Conclusions 
Intense crab bioturbation and the formation of interconnected burrows in the soil, 
particularly by Sesarma reticulatum, is significantly changing the geochemical and 
geotechnical properties of saltmarsh soil in the Santee Delta, South Carolina, ultimately 
impacting the geomorphology of the marsh platform and facilitating tidal creek incision. 
We observed major alterations of redox potential, belowground biomass, inorganic 
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weight, bulk density, and shear strength in surface sediments of heavily bioturbated zones 
of creek heads. Die back of Spar tina alterniflora, decomposition of belowground 
biomass, and destabilization by burrowing crabs weakens the soil. This leads to the 
formation of a depression, which focuses tidal flows. Destabilization of the soil and 
formation of a depression enhances the erosion potential of the creeks. The pervasiveness 
of similar tidal creek morphology in southeast U.S. Atlantic saltmarshes (e.g., near Bulls 
Bay, Beaufort, and Edings Island in South Carolina, and Brunswick, Mcintosh, and 
Savannah in Georgia) suggests this mechanism is occurring in other marshes with a 
moderate tidal range undergoing sea-level rise, and this process in general has 
implications for creek network development, ecogeomorphology, and saltrnarsh 
sustainability. 
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TABLE 1.1 -Geotechnical and geochemical properties in the surface 10 em in different environments 
proximal to creek heads. N=5 for each environment, 1 for each core transect (see Figure 1.1d for core 
transect locations). Average redox potential, belowground biomass, and shear strength for all core depths 
are located in Figure 1.3. See Appendix D for pH, bulk density, and organic content with depth for all 
cores. 
Redox 
Be/owground Inorganic Bulk Density Organic Organic: Shear 
potential (Eh) pH biomass (kg · m · sediment (g/cm 3 ) content(%) Inorganic strength 2) (kg · m ·2 ) (kPa) 
Marsh 38 ± 126 6.5 ± 0.2 1.9 ± 0.7 14.9 ± 1.1 0.17±0.02 23.3 ± 2.8 0.12 ± 0.03 10 ± 7 
Dieback 461 ± 145 5.6 ± 0.5 1.1 ±0.4 7.1 ± 3.2 0.08 ± 0.04 24.9 ± 2.4 0.16 ± 0.03 5±3 
Creek Head 182±158 6.5 ± 0.4 0.8 ± 0.3 11.2±2.6 0.12±0.03 20.5 ± 1.6 0.07 ± 0.02 2± 1 
Revegetated 370 ± 205 6.3± 1.0 0.9 ± 0.3 15.3 ± 3.1 0.18 ± 0.03 19.8 ± 2.2 0.06 ± 0.06 3±1 
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TABLE 1.2 - Results from two tailed t-test of equivalency to determine the statistical difference of means 
of surface properties (found in Table 1.1) at the 95% Confidence Interval (a= 0.05). The critical value oft 
(t-crit) is 2.31 (Davis, 2002). Number of degrees of freedom is 8 [Nl + N2- 2]. Significantly different 
means (where t > t-crit) are marked with a star(*). The critical values oft at the 90% and 99% Confidence 
Intervals (a= 0.1 and a= 0.01 , respectively) are 1.86 and 3.36, respectively. 
Redox potential 
(Eh) 
Marsh 
Dieback 
Creek Head 
Reveg 
pH 
Marsh 
Dieback 
Creek Head 
Reveg 
Belowground 
biomass 
Marsh 
Die back 
Creek Head 
Reveg 
Inorganic sediment 
Marsh 
Die back 
Creek Head 
Reveg 
Marsh 
4.92* 
1.59 
3.08* 
Marsh 
3.61* 
0.40 
0.40 
Marsh 
2.29 
3.38* 
2.85* 
Marsh 
5.24* 
2.92* 
0.29 
Dieback Creek Head Reveg 
4.92* 1.59 3.08* 
2.90* 0.81 
2.90* 1.61 
0.81 1.61 
Die back Creek Head Reveg 
3.61* 0.40 0.40 
3.36* 1.47 
3.36* 0.56 
1.47 0.56 
Die back Creek Head Reveg 
2.29 3.38* 2.85* 
1.51 0.72 
1.51 0.87 
0.72 0.87 
Die back Creek Head Reveg 
5.24* 2.92* 0.29 
2.23 4.18* 
2.23 2.28 
4.18* 2.28 
TABLE 1.2 (continued) 
Bulk Density 
Marsh 
Dieback 
Creek Head 
Reveg 
Organic Content 
Marsh 
Dieback 
Creek Head 
Shear Strength 
(average) 
Reveg 
Marsh 
Dieback 
Creek Head 
Reveg 
Shear strength (x-y) 
Marsh 
Die back 
Creek Head 
Reveg 
Shear strength (x-z) 
Marsh 
Dieback 
Creek Head 
Reveg 
Marsh 
4.50* 
3.10* 
0.62 
Marsh 
0.96 
1.89* 
2.19 
Marsh 
1.47 
2.34* 
2.03 
Marsh 
0.81 
2.01 
1.68 
Marsh 
2.31* 
2.85* 
2.45* 
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Dieback Creek Head Reveg 
4.50* 3.10* 0.62 
1.78 3.58* 
1.78 2.11 
3.58* 2.11 
Die back Creek Head Reveg 
0.96 1.89* 2.19 
3.36* 3.51* 
3.36* 0.63 
3.51* 0.63 
Dieback Creek Head Reveg 
1.47 2.34* 2.03 
2.06 1.25 
2.06 1.64 
1.25 1.64 
Die back Creek Head Reveg 
0.81 2.01 1.68 
2.11 1.68 
2.11 1.78 
1.68 1.78 
Die back Creek Head Reveg 
2.31* 2.85* 2.45* 
1.46 0.17 
1.46 2.67* 
0.17 2.67* 
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Figure 1.1- a) Location of Cape Romain study area of the Santee Delta. b) A 23% increase in drainage 
density, D, is observed in the area from 1958-2006. c) Historical aerial photographs capture creek extension 
into the marsh platform. d) Location of core transects through creek head areas. Shaded regions delineate 
creek morphology from 1968-1999. e) Photograph illustrating zonation of creek head environments, 
including bioturbated dieback area. 
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Figure 1.2 -Data from Vu et al (20 11) for crab density in the four microhabitats observed for a) Uca 
pugnax; b) Sesarma reticulatum and c) all crab species including predator crabs. Note creek zonations 
listed in figure are different from this study as follows: Platform= Marsh, Live/Dead = Dieback, and Dead 
= Creek Head. No crab density data are available for the Revegetated zone, however it was observed to 
have fewer Sesarma present (Vu, personal comm.). 
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Figure 1.3 - Results of redox potential (top), belowground biomass (middle), and shear strength (bottom) 
with depth in different environments proximal to creek heads. Closed symbols for shear strength (bottom) 
reflect in situ measurements (x-y axis); open symbols are from extracted core samples (x-z axis). 
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Fig 1.6 -Correlations between geotechnical and geochemical properties measured: a) pH and Eh, b) pH 
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Figure 1.7- Conceptual model ofbioturbation faciliated creek incision. Red symbol in aerial photographs 
at left represents fixed location and cross sectional line as creeks incise platform from 1987-2006. a) Cross 
section of marsh platform proximal to creek head, vegetated by Spartina alterniflora and moderately 
bioturbated by Uca sp. crab. b) Severe bioturbation and herbivory of creek edge by Sesarma reticulatum 
and oxygenation of subsurface from interconnected burrows contributes to loss in belowground biomass 
and weakening of remaining sediment. c) Subsequent loss in elevation from deflation and erosion leads to 
focusing of tidal flows and allows creek extension into area. d) Former creek head area is revegetated with 
tall-formS. alterniflora as creek becomes channelized and continues to incise marsh platform. 
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CHAPTER2 
Marsh Pool and Tidal Creek Morphodynamics: 
Dynamic Equilibrium of New England Saltmarshes? 
Abstract 
Many saltmarsh platforms in New England exhibit poor drainage, creating 
waterlogged pannes (where short-form Spartina alterniflora dominates) and stagnant 
pools that experience tidal exchange only during spring tides and storm-induced flooding 
events. The processes related to pool formation and tidal creek incision (via headward 
erosion) that may eventually drain these features are poorly understood. It is 
hypothesized here that pool and creek dynamics are cyclic in nature and represent marsh 
platform elevation in dynamic equilibrium with sea-level: 1) vertical accretion in elevated 
areas of the marsh platform is low due to low plant productivity and very low suspended 
sediment concentrations; 2) biogeochemical stresses such as concentration of sulfides and 
increased salinity cause death of vegetation and subsequent degradation of the organic 
marsh soil, ultimately leading to loss in elevation and formation of pools; 3) pool 
expansion and creek incision into pools initiates drainage and improves tidal flushing; 4) 
tall-formS. alterniflora re-colonizes the resultant low-lying mudflat within a few years, 
which increases sedimentation and vertical marsh accretion. Eventually creek-bankS. 
alterniflora is succeeded by high marsh species such as S. patens and Distich/is sp. 
Changes in drainage density from the legacy of anthropogenic ditching suggest high 
marsh platforms are reverting to natural drainage conditions. 
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1. Introduction 
New England saltmarshes exhibit notable pool formation where shallow 
depressions (commonly referred to as pannes) are filled with saltwater throughout the 
tidal cycle (Fig. 2.1a; Harshberger, 1916; Chapman, 1960; Redfield, 1972; Wilson et al., 
2009, 2010). Pool environments provide critical habitat for fish and wildlife, including 
breeding and nourishing grounds, but are also important biogeochemical hotspots on 
saltmarsh platforms (Fig. 2.1 b; van Huissteden and van de Plassche, 1998). Processes 
responsible for pool formation have been described as both physical (ice rafting, wrack, 
creek blockage from slump block; Harshberger, 1916; Chapman, 1960; Redfield, 1972; 
Argow, 2007) and biogeochemical (waterlogging and other stress on vegetation that 
cause senescence and subsequent degradation of organic matter; Chapman, 1960; van 
Huissteden and van de Plassche, 1998). An important dynamic interaction exists between 
saltmarsh pools and tidal creeks: creeks incise into pool areas, causing drainage of the 
pools and subsequent formation of an unvegetated mudflat (Fig 2.1 c; van Huissteden an:d 
van de Plassche, 1998; Wilson et al., 2009). Over time, these mudflats are recolonized, 
most notably by Spartina (S.) alterniflora vegetation. The process of pool formation and 
recovery has been described as far back as Harshberger (1916), however only a few 
recent studies have focused on quantifying pool formation, drainage, and recovery (van 
Huissteden and van de Plassche, 1998; Wilson et al., 2009, 2010). Work by Wilson et al. 
(2009, 2010) in Maine's saltmarshes is perhaps the most complete to date, whereby they 
document pool dynamics including pool formation, enlargement (through expansion or 
merging of two or more pools), and finally senescence (from interception with a tidal 
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creek via creek incision or pool enlargement) and plant recolonization. Wilson et al. 
(2010) identified that sediment accretion rates in revegetating pools can be 2 to 4 times 
greater than on the saltmarsh platform. These studies, however, do not address elevation 
changes associated with creek and pool dynamics, which is critical for determining 
saltmarsh sustainability in the face of sea-level rise. While an increase in pool area has 
been noted in recent decades in many saltmarshes (Pethick, 1974; Kearney, 1988; Hartig 
et al. , 2002; Cavatorta et al. , 2003), many authors allude to waterlogging from sea-level 
rise to be the culprit for pool formation (Orson et al., 1985; Warren and Niering, 1993; 
Kelley et al. , 1995; Hartig et al. , 2002) although Wilson et al. (2009) suggest that pool 
and creek dynamics may be independent of changes in local sea-level. However, none of 
these studies have related this increase in pool occurrence to changes in tidal creek 
drainage. 
Tidal creek channels funnel tidal waters and suspended sediment (including both 
organic and inorganic material) between the marsh platform and adjacent waterbodies, 
and it is generally accepted that tidal channels and their networks are in dynamic 
equilibrium with tidal flows (French and Stoddart, 1992; Allen, 2000). Drainage area is 
the intertidal area that drains into a particular creek network and drainage density is the 
proportion of creek length to drainage area. Tidal prism is the total volume of water that 
floods intertidal areas with each tide (Woodroffe, 2003). 
Drainage patterns likely heavily influence pool occurrence. For example, Redfield 
(1972) observed high pool density on high marsh platforms in Barnstable marsh on Cape 
Cod, Massachusetts, but noted fewer pools in regions heavily ditched. Ditching of 
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saltmarshes for agricultural or mosquito control purposes has been a common practice. 
Efforts to control mosquito populations as part of the national public works program 
resulted in ditching ~90% of coastal marshes from Maine to Virginia by 193 8 
(Adamowicz and Roman, 2005, and references therein). Redfield (1972) maintained that 
anthropogenic ditches provide "overdrainage of the marsh", and natural creek length 
decreases as a result. Adamowicz and Roman (2005) found ditched marshes in New 
England have significantly lower natural creek length and significantly lower total pool 
surface area than unditched marshes. However, that study also found distance to tidal 
flow approximately the same, which suggests a difference in the way natural creeks and 
anthropogenic ditches drain the marsh (Adamowicz and Roman, 2005). Additionally, 
pool formation is most noticeable on high marsh platforms in inter-creek areas where 
waterlogging is prevalent (Hopkinson and Valentine, personal comm.; Fig 2.1a & b). 
They are not as common in areas of lower elevation where the marsh platform is flushed 
more frequently with the tide (Wilson, 2009). 
The purpose of this study is to quantify the geomorphic evolution of a New 
England saltmarsh, taking into account elevation and vegetative changes associated with 
pool formation, creek incision, subsequent drainage of pools, and recolonization by S. 
alterniflora. We present historical analysis of drainage patterns (naturally and 
anthropogenically derived) on high and low saltmarsh platforms in a Massachusetts 
estuary, and document the associated pool and creek dynamics to analyze if changes in 
drainage affect pool occurrence. It is hypothesized that changes in drainage do have an 
effect on pool formation and evolution. In addition, changes in elevation on high marsh 
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platforms, low marsh platforms, and revegetating areas are analyzed from SET data and 
compared with sediment accretion data from 210Pb analysis and feldspar horizons. These 
data provide insight whether the saltmarsh is maintaining elevation relative to local sea-
level rise. 
Our investigation consists of analysis of historical photographs combined with a 
series of field studies including core transects and stratigraphic analysis, elevation and 
vegetation surveys, measurement of natural versus anthropogenic creek incision, and 
determination of accretion rates (both long- and short-term) on marsh platforms and in 
revegetating pools. We found pool formation is closely linked to changes in drainage, and 
discuss how pool and creek dynamics can affect saltmarsh sustainability in New England. 
2. Methods 
2.1 Regional Setting 
Plum Island Estuary is situated in northeastern Massachusetts behind the sandy 
barrier of Plum Island (Fig 2.2a). It is ~60 km2 in size with tidal marshes occupying ~40 
km2 of the area. Mean tidal range is approximately 2.5 m. The Parker and Ipswich Rivers 
are the major contributors of freshwater (Vallino and Hopkinson, 1998), but little 
suspended sediment is transported downstream of the Parker River Dam (Cavatorta et al., 
2003). The Rowley River is located approximately in the middle of the estuary and is 
largely tide-dominated except in extreme flood events. Its adjacent saltmarshes and tidal 
creeks, which are the focus of many studies within the Plum Island Estuary Long Term 
Ecological Research (PIE-LTER) initiative, can be characterized as high and low marsh 
platforms (delineated in Figure 2.2). Vegetation on high marsh platforms (average 
elevation~ 1.4 m above NA VD88, PIE-LTER Lidar data, Fig 2.2b) is Spartina patens 
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and Distich/is spicata, with stands of short-formS. alterniflora in panne areas that exhibit 
poor drainage. Vegetation on the low marsh platform (average elevation~ 1.0 m above 
NAVD88; PIE-LTER Lidar data, Fig 2.2b) isS. alterniflora. Creek banks in all locales 
have tall-formS. alterniflora. Our studies are focused within three specific regions that 
incorporate both high and low marsh platform areas: Levine's Point (dominated by high 
marsh), Law's Point (transitional; both high and low platforms present), and Morris 
Island (transitional, but mostly low marsh platform; Fig 2.2). 
2. 2 Historical imagery 
Historical aerial photography was used to analyze past pool formation and creek 
incision in the Rowley River saltmarshes of Plum Island Estuary. Images were obtained 
from MassGIS online sources and USGS Earth Explorer, imported into GIS software 
(ESRI Arc Map), overlain, and rectified in order to quantify temporal and spatial changes 
in pool and creek morphology (high versus low marsh areas). Shapefiles of creek and 
pool features were mapped for each year in each area (Fig 2.3). In order to correctly 
identify pool features that retain water permanently throughout the tidal cycle, only 
photographs exhibiting similar low tide levels were used in the analysis (incorporating 
years 1938, 1952, 1971, 1994, and 2008). Anthropogenic (hay and mosquito ditches) and 
natural creeks were differentiated (anthropogenic ditches have a distinct linear 
morphology and natural creeks are more sinuous, Fig 2.3). Shapefile length (creeks) and 
area (pools) were quantified using ESRI Arc Map software; drainage density was 
subsequently calculated using total creek length and marsh area for each year. 
2. 3 Core and Elevation transects 
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A series of coring transects was performed in the three study areas (Levine's 
point, Law's point, and Morris Island) to determine the stratigraphic changes associated 
with pool formation, underlying framework geology, and subsequent revegetation as 
pools are drained (Fig 2.4). Cores were extracted using either a motorized vibracoring 
unit or hand-held half-cylinder gouge auger (8 em diameter for both). Vibracore samples 
were measured inside and outside the barrel for core compaction, and cores returned to 
the lab where they were opened longitudinally, described, and sectioned for analysis. 
Auger cores were described in the field after extraction, sectioned, and samples returned 
to the lab for further analysis. Auger cores that displayed more than 1 em of compaction 
were discarded. 
Core samples were analyzed for water content, bulk density, bulk organic content, 
and grain size. Samples were returned to the lab where they were weighed, dried at 50°C 
for 2-3 days and re-weighed for determination of bulk density. Porosity (P) was 
calculated from bulk density (Pbulk) using the following equation: 
P = 1 - (Pbutk I Pparticle) (Eq. 1) 
where Pparticle is assumed to be 2.65 g·cm-3. These samples were then burned for percent 
organic matter (loss on ignition, 550°C for 14hr). Grain size of select samples was 
determined on a Beckman Coulter Laser Diffraction Particle Size Analyzer (LDPSA) 
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housed at Wellesley University. At-test of equivalency of two sample means was used to 
determine statistically significant differences in organic content, bulk density, porosity, 
and water weight percent on high marsh platforms, low marsh platforms, and 
revegetating areas (Davis, 2002). A detailed explanation of calculations can be found in 
section 2.5 of Chapter 1, following standard equations from Davis (2002). 
At Levine's Point, several elevation transects were surveyed in 2008 using a 
Trimble real-time kinematic (RTK) unit by V. Valentine from the University of Southern 
Maine and C. Hopkinson from the University of Georgia. Transects were positioned in 
intercreek areas of the high marsh platform to capture topographic gradients (see Fig 2.4 
for locations). Position and orthogonal height relative to NAVD88 was collected at 
approximately 3 meter intervals along transect lines. Dominant vegetation type was also 
noted for points along each transect. Precision of the final vertical positions is estimated 
to be 1-2 em with an estimated vertical accuracy of 4-7 em. These data were analyzed in 
this study to quantify elevation gradients and associated vegetation assemblage. This was 
supplemented with transects from Lidar data in the same area (Valentine and Hopkinson, 
2005; estimated vertical accuracy 5-10 em; Fig 2.2b). Additionally, elevation was also 
recorded for core transects in all areas using a Pentax PCS-300 electronic total station 
that could be leveled to an established surveyed benchmark (estimated vertical accuracy 
of 1-2 em). 
2. 4 Creek incision rates 
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Creek incision rates were measured using a high resolution topographic mapping 
apparatus named a grid surface elevation table that we constructed at Boston University 
(gSET; Fig 2.1 d). This portable apparatus mimics rod-style surface elevation table 
(RSET) techniques by allowing users to drop pins to the marsh surface from a removable 
bar that can be placed in a fixed position above the marsh surface (after Cahoon et al., 
2002; 2004). Details of apparatus construction and utility can be found in Appendix F. 
This device provides high resolution measurement ( <1 0 em scale horizontal and vertical) 
of topographic gradients over a 2m2 area (Fig 2.1d). Repetitive surveys provide a means 
of determining topographic changes through time. A natural creek and anthropogenic 
ditch located proximal to an area exhibiting recent and large scale pool formation at 
Levine' s Point were selected for this analysis (location in Fig 2.4). Measurements were 
taken with the gSET apparatus at the head and a branch of each study creek on an annual 
basis over a period of 4 years (from 2008-2011). Topographic data were imported into 
Excel to calculate elevation changes over those four years. Digital elevation models 
(DEMs) were then created using Surfer software. 
Additionally, tidal velocity and suspended sediment concentrations were obtained 
at the two creeks using a Nortek Aquadopp current meter and D&A Instrurnents ,optical 
backscatter sensor (OBS) in June 2012. These data were used to characterize the hydro-
and sediment dynamics in the creeks during spring and neap tides. 
2.5 Experimental drainage of a marsh pool 
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In the Morris Island study area, a small pool (35m2 in area) located on the low 
marsh platform proximal to a natural channel (location in Fig 2.4c) was experimentally 
drained in order to document changes associated with pool drainage and vegetation 
recovery. Prior to drainage in April2010, pool perimeter and two cross sections were 
surveyed using the Pentax total station and a Garmin GPS unit. Pool depth (measured 
from marsh surface to bottom of pool) was originally 0.5 to 0.6 m. The pool was then 
drained by digging a short ditch (~4 m long, 0.5 m deep) between the pool and 
neighboring creek. When the pool was revisited 2 months later in June 2010 for 
surveying and the placement of 4' long wooden stakes for location reference, it was 
discovered that pool drainage was not complete; approximately 20 em of water remained 
trapped in the pool from a shallow sill between the pool and creek. The ditch was 
deepened to allow greater drainage of the pool. The pool was surveyed 2 years later in 
May 2012, and not only was the pool still not fully drained (~15 em remained in the 
western quadrant), the stakes were missing, most likely due to ice rafting or storm events 
within the two years between measurements (Redfield, 1972; Argow, 2007). The ditch 
was subsequently deepened to allow complete drainage of the pool. 
2. 6 Marsh and Pool accretion rates 
Seven cores in the study area were analyzed for 210Pb activity to determine long-
term sediment accretion rates, a procedure commonly used in saltmarsh studies 
(Armentano and Woodwell, 1975; Donnelly and Bertness, 2001; Kolker et al, 2010). 
Cores were chosen in order to measure the spatial variability of accretion with respect to 
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high marsh platforms, low marsh platforms, and former pool areas where Spartina 
alterniflora is currently revegetating (Fig 2.4). These cores were extracted using the half-
cylinder gouge auger (8 ern diameter, 70 ern depth) and care was taken during insertion 
and extraction to prevent compaction (cores exhibiting any compaction were discarded). 
Cores were sectioned into 1-2 ern increments with depth while in the field. After 
determination of bulk density and bulk organic content, samples were processed at the 
Coastal Sedimentology Lab at Tulane University. 210Pb spectrometry was measured using 
an EG&G Ortec Octete PC alpha spectrometer similar to the methods outlined in 
Nittrouer and Sternberg (1981) and Kolker et al. (2009). A best fit linear regression of the 
natural log of excess 210Pb e10Pbxs) with depth below any surface mixed layer of 
homogenous activity was used to determine the average sediment accretion rates for the 
past ~ 1 00 years. 
In addition, short-term elevation changes were obtained from an array of Surface 
Elevation Tables (SETs) maintained at the Plum Island Estuary Long-term Ecological 
Research site (PIE-LTER; locations in Fig 2.4; data downloaded from PIE-LTER online 
database). These SETs were selected to compare elevation changes on the high marsh 
platform, low marsh platform, and revegetating pools. Many of these SETs have been 
positioned since 2001, although some were installed at later dates (circa 2005). Elevation 
measurements were made regularly in the spring and fall. In addition, depth to feldspar 
horizons was measured to determine sedimentation rates on the high marsh platform and 
low marsh platform (following methods by Cahoon and Turner, 1989; and Cahoon, 
1996). These data were also downloaded from the PIE-L TER online database. No 
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sedimentation data was available for the revegetating pool site. A t-test of equivalency of 
two sample means was used to determine statistically significant differences in elevation 
change and sedimentation rates on high marsh platforms, low marsh platforms, and 
revegetating areas (following Davis, 2002). 
3. Results 
3.1 Historical pool and creek dynamics 
Comparison of historical photographs from 1938 to 2008 reveal that pool and 
creek dynamics differ on the high marsh platform compared to the low marsh platform in 
the Rowley River area (Fig 2.3). In the high marsh, anthropogenic ditches are ubiquitous, 
however they have decreased in extent in recent decades (-33% from 1938 to 2008) due 
to creek closure and infilling (Figs 2.3, 2.5c, and Table 2.1). Conversely, natural creek 
length decreased by only 8% between 193 8 and 1994, however then increased to near 
1938 values between 1994 and 2008 (Table 2.1). Moreover, drainage density (total creek 
length divided by marsh area) has decreased substantially over time from 23.6 to 18.4 
km!km2 (-22%; 1938 to 2008; Table 2.1 and Fig 2.5c). Pool area displays the opposite 
trend in the high marsh study area: it tripled between 1938 and 1994, although it appears 
to have decreased in recent decades, presumably due to natural creeks that have incised 
into marsh pools and caused their drainage. 
On the low marsh platform, creek and pool changes exhibit the opposite trend. 
Natural creek length has increased 17%, but only in recent decades (1971 to 1994; Fig 
2.3, 2.5d, Table 2.1), thus drainage density has also increased during these years (from 
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16.3 to 19.1 km/km2, 17%). In contrast, pool area has decreased significantly (63%, Fig 
2.5d and Table 2.1 ). This area was not used historically for agricultural or mosquito 
control purposes, thus ditches were never excavated in this area. 
Creek length and pool area were normalized (total creek length or pool area 
divided by total marsh area) in order to compare high and low marsh platform areas and 
trends over time (Fig 2.5a & b). In general, the high marsh platform has a greater 
normalized total creek length (anthropogenic plus natural creeks) compared to the low 
marsh platform area, but this has been decreasing through time (predominantly due to 
decrease in anthropogenic creek length). In contrast, normalized creek length on the low 
marsh platform has increased. These values have plateaued in recent decades, and are 
approximately equivalent as of2008 (Fig 2.5a). Normalized pool area was roughly the 
same between high and low marsh platforms circa 1938, but experienced a marked 
increase from 1938 to 1994 and subsequent decrease from 1994 to 2008 on the high 
marsh platform, while the low marsh platform has decreased steadily over time (Fig 
2.5b). 
3. 2 Core and Elevation transects 
Vegetation and elevation transects taken at Levine' s Point reveal that pool 
features occur in intercreek areas at the highest elevations where S.patens, Distich/is 
spicata, and short-formS. alterniflora species dominate (Fig 2.6). In general, S. patens 
exists on slightly sloped (i.e. , better-drained) surfaces between pannes and creeks 
(gradient 0.020 ± 0.007), and short-formS. alterniflora (located in pannes) was found on 
50 
surfaces with extremely low gradient (0.003 ± 0.004). Pools were also located in areas of 
extremely low gradient. Pool depths measured along transect C averaged ~20 em (Fig 
2.6c). These results compare well with previous studies ofNew England marshes that 
state vegetation pattern is determined by salinity coupled with hydroperiod and soil 
oxygen availability (Neiring and Warren; 1980). In addition, Adamowicz and Roman 
(2005) show pools generally form in intercreek areas, although distance to creek did not 
seem to be a factor. Average pool depth for New England marshes is 30 em and can 
range from 20-50 em (Adamowicz and Roman, 2005). 
Similar to saltmarshes in Maine reported by Wilson et al. (20 1 0), we found 
evidence of paleopools in the stratigraphic record at Plum Island Estuary in 
Massachusetts, but most noticeably in intercreek areas of high marsh platforms (Fig 
2.7a). Pool strata is characteristically a dark gray mud, low in organic content and high in 
water content, which contains macrofossils of Rupia maritima (Wilson et al., 2009). In 
transitional areas, stratigraphic evidence of pools is common where marsh platforms are 
high, but not in the low marsh areas (Fig 2. 7b, c, d). Thin layers of coarser-grained sand 
deposits (likely from storms or ice rafting) are more common in the low marsh (Fig 2.7b 
& c). In general, the low marsh platform has thin peat ( ~ 1.5-2 m thick) based on top of 
relatively shallow sand, silt, and mud, whereas the high marsh platform has thicker peat 
(reaching >3m depth close to the upland boundary at Levine' s Point; Mcintyre and 
Morgan, 1964; McCormick, 1968). Supplementing Wilson et al. (2009, 2010)'s fmdings, 
core stratigraphy in the high marsh reveal pools are first succeeded by S.alternijlora 
vegetation, which can then be succeeded by higher marsh species such as .S patens and 
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Distich/is (Fig 2.7a). Comparison of geotechnical properties between high and low marsh 
platforms is summarized Table 2.2 (see Appendix D for a full account of core bulk 
density and organic content, and Table 2.3 fort-test of equivalency results). Grain size 
analysis reveals marsh sediment is predominantly coarse silt to clay, with some fme sand 
laminations (mean= 37 jlm, ranging 211m to 185 11m). It is generally accepted that 
higher marshes exhibit higher organic content and lower bulk density as there is less 
sediment influx to these areas (Reddy and Delaune, 2008; Redfield, 1972; Meade, 1982; 
Bricker-Urso et al, 1989; Christiansen et al., 2000; Temmerman et al., 2005; van Proosdij 
et al., 2006), and our results agree well with what would be expected in New England 
saltmarshes (Table 2.2). Facies properties and stratigraphy within pools and the adjacent 
marsh platform show pools in high marsh platforms form predominantly from 
degradation of significantly higher organic content peat than low marsh platforms ( ~40-
60% compared to ~20-30%; Fig 2.7a & b). 
3.3 Anthropogenic and natural creek incision and hydrodynamics 
Results from high resolution surface mapping reveal that natural and 
anthropogenic creeks are morphologically distinct. The natural creek (Creek 1) was wider 
( ~ 1-1.5 m) and has a more gradual gradient to the marsh surface ( ~0.3; Fig 2.8). Several 
smaller channels feed into the head of the creek. In contrast, the anthropogenic ditch 
(Creek 2) was narrower ( ~0.5 m) and has an abrupt cliff-like terminus at the creek head 
(gradient~ 1.4; Figure 2.8). A slight overhang ( ~ 10 em) exists at the bottom of the cliff of 
the ditch, although not measured with the gSET apparatus (as it only measures surface 
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elevation). A few small channels feed into this creek head, similar to the natural creek, 
however they are not as deep. The vegetation at both creek heads is tall-formS. 
alterniflora. Creek branches are more similar than creek heads between the two 
experimental creeks: both transition from creek-bankS. alterniflora to S. patens, and both 
display hummocky terrain (em scale) where lines of low elevation defme microchannels 
that feed into the creek heads (Fig 2.8). 
Although creek heads and branches were measured annually between 2008 and 
2011, not much change (either erosion or infilling) was visually observed on an annual 
basis. Surface DEMs from individual years appear almost identical; however small 
changes (10-50 em scale) could be detected by subtracting the two DEMs. These data 
were then overlain on top of a wireframe surface map from 2008 elevation data to resolve 
where the changes occurred (Fig 2.8). The natural creek showed the most erosion in the 
right fork of the creek (it deepened ~40 em; Fig 2.8), however infilling (i.e., gain in 
elevation) was also measured along the base of this channel downstream of this location, 
presumably composed of material that had eroded. There was also erosion along the sides 
of the left fork ( ~ 20 em of downcutting), and infilling ( ~ 1 0 em) at the bottom of this 
channel (Fig 2.8). The natural creek branch lined up with the natural creek head, thus 
when the two data sets are merged, it becomes evident that overall the marsh platform 
surrounding the creek appeared to lower (5-15 em; Fig 2.8). The anthropogenic ditch 
exhibited a more stable head and branch region. No significant erosion(> 15 em) took 
place in either region, including at the abrupt terminus of the ditch or any microchannels. 
In contrast, gain in elevation (~15 em) occurred at the head ofthe ditch (Fig 2.8). 
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Current velocity and OBS data show tidal currents are greater at the natural creek 
compared to the anthropogenic ditch (Fig 9). Over the same tidal period, currents 
recorded in the natural creek at 50 em height above the bed (6/10 creek depth, Graf, 
1971; Stumpf, 1983) were >0.9 m/s while ~0.35 m/s was recorded in the anthropogenic 
ditch (Fig 2.9). Greater suspended sediment was observed in the natural creek compared 
to the anthropogenic creek, which mostly occurred during the ebb stage of the tide (Fig 
2.9). 
3. 4 Experimental drainage and recovery of a marsh pool 
Results of experimental drainage of the low marsh pool at Morris Island (named 
Duncan's Pool) are shown in Figure 2.10. Pool perimeter did not change substantially 
between April2010 and May 2012 surveys (Fig 2.10a), however bank collapse did occur 
along portions ofthe southern shoreline ofthe pool by May 2012 (Fig 2.10b). Spartina 
alterniflora vegetation had started to grow in this location from shoreline invasion (via 
rhizome extension). Revegetation was also noted in a location where pool drainage was 
sufficient to form a small tidal mudflat (likely from seed germination). Cross sectional 
profiles outline a steep-banked pool with an approximate depth of 50 em throughout the 
pool (Fig 2.10c). Although transect lines do not quite overlap between 2010 and 2012 
surveys (due to the loss of survey stakes by ice rafting or seasonal storm; Redfield, 1972; 
Argow, 2007; Argow et al. , 2011), it is still evident that little change in depth occurred 
over a two year period (Fig 2.1 0). Unfortunately these transect lines were not located 
where revegetation occurred in the pool. It is expected with further drainage of the pool 
(outlet widened and deepened in May 2012) more of the former pool area will become 
tidal mudflat where S. alterniflora will recolonize. 
3. 5 Marsh platform elevation change and vertical accretion 
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SET measurements show elevation change on high marsh platforms is much less 
than that on low marsh platforms ( ~2.5 mrn/yr at Levine's Point and~ 7 mrn/yr at Morris 
Island, respectively; Fig 2.11 and Table 2.4). This elevation change is significantly 
different at the 95% Confidence Interval between these high and low marsh areas (Table 
2.3). Sediment deposition rates using feldspar horizons correlate well with elevation 
changes determined from SET measurements (Table 2.4 and Fig 2.11 ), and these results 
are similarly significantly different at the 95% Confidence Interval (Table 2.3). In 
contrast, the high marsh platform at Law's Point has greater rate of elevation change than 
Levine's Point (~4 mrn/yr compared to ~2.5 mrn/yr; Table 2.4). This could be from more 
storm sedimentation or ice rafting in the winter due to proximity to larger water bodies 
(Fig 2.2). Elevation change in a revegetating pool was approximately equal to that found 
on the high marsh platform (~2 mm/yr; Fig 2.12 and Table 2.4), thus was not 
significantly different (Table 2.3). It should be noted that elevation relative to NA VD88 
was approximately equal to that of the high marsh platform for one ofthe SETs in the 
revegetating pool (Table 2.4). 
Long-term accretion rates on the high marsh platform at Levine's Point are also 
lower than low marsh platform at Morris Island using 210Pb methods (~2 mrn/yr 
compared to ~8 mrn/yr, respectively; Table 2.4), and these results are significantly 
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different (Table 2.3). Excess lead e10Pbxs) activity with depth measured in pool sediment 
compared to the adjacent high marsh platform at Levine's Point confirms that ~20 em of 
the saltmarsh platform was remineralized in the formation of the pool, concentrating 
210Pbxs activity from overlying material into the surface sediment of the pool (R-3 in Fig 
2.13).Vertical accretion in re-vegetating pools averages ~5 mm/yr using 210Pb methods 
(Fig 2.14). These vertical accretion rates and short-term changes in elevation agree well 
with other studies in New England marshes (Bricker-Urso et al, 1989; Anisfeld et al., 
1999; Cavatorta et al. , 2003; Argow, 2007; Kolker et al., 2009; 2010). 
Vertical accretion rates and change in elevation correlate well with elevation of 
the marsh platform (Figure 2.15; SET data R2 = 0.57; 210Pb data R2 = 0.41). The only 
exception to this correlation was Law's Point SET location 1, which is located on the low 
marsh platform and had an average change in elevation of 19 mm/yr (outlier in Fig 2.15). 
This exceptionally high rate of accretion is a residual effect of the deposition of~ 15 em 
of ice rafted material measured in the spring of 2004. Although ice rafting is an important 
contribution to accretion in New England marshes, deposition is spatially and temporally 
variable (Argow et al., 2011), thus this point was excluded from the regression analysis. 
4. Discussion 
4.1 Marsh platform, pool and creek dynamics 
Results from this study demonstrate that saltmarsh pools form predominantly in 
areas of the high marsh platform where the topography is flat and drainage is poor (Fig 
2.6). Pool strata are preserved in intercreek (panne) areas of high marsh platforms, but 
56 
not on low marsh platforms, suggesting they are not as common on low marsh platforms 
(Fig 2.7). Peat isopach map from McCormick (1968) shows the peat is significantly 
thinner on the low marsh platform compared to the high in this area (1-2m and >3m 
thick, respectively), so additionally the preservation potential could be low. 
Quantification of pool area on high marsh platforms compared to low (Fig 2.5) provides 
further evidence that pools are more common features on high marsh platforms. Wilson 
et al. (2009, 2010) determined pools in Maine are mostly secondary features of the marsh 
as they contain sedimentary peat facies below pool deposits. In their studies, most of 
underlying units were S. alterniflora, which were interpreted as low marsh. However, in 
our study, elevation transects show that S. alterniflora, in particular, exists in areas of the 
high marsh platform where low gradients cause waterlogging (Fig 2.6). We similarly fmd 
peat facies interspersed with pool deposits at depth, however the underlying vegetation 
was S. alterniflora and S. patens, both of which are present on high marshes (Fig 2. 7). 
Foraminiferal analysis helped distinguish between high and low marsh S. alterniflora in 
this study (unpublished undergraduate project). These results suggest that gradients in 
addition to elevation and hydroperiod are critical for pool formation. 
Although no radiocarbon dating was performed in this study, previous work in the 
area and similar stratigraphic correlations suggest pools are common features of mature, 
high marshes, even prior to human occupation (high marsh platform age is 2-3 thousand 
years; Mcintyre and Morgan, 1964; McCormick,1968; Kirwan et al., 2011). Pool 
formation on the high marsh platform is largely due to peat remineralization in this area 
(Fig 2.13). Coring and elevation transects further reveal large volumes of high organic 
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content (>50%) material is degraded in the process of pool formation (Fig 2.7). 
Deepening can occur from ice rafting in the winter, which provides some sediment for 
nearby marsh accretion (Argow, 2007; Argow et al., 2011), but pool formation appears to 
be largely biogeochemical in nature, resulting from waterlogging. 
Although pool formation does occur on low marsh platforms, the process is not as 
prevalent as on high marsh platforms (Figs 2.5 and 2.7). Additionally, the subsurface has 
a lower percent organic content and therefore, less organic material is degraded in the 
process (Fig 2.7). 
In general, pool formation effectively lowers the elevation of a formerly vegetated 
marsh (average pool depths are 20-50 em; Adamowicz and Roman, 2005). Creek incision 
into pools drains them and forms a mudflat, although creek incision rates measured here 
(on the order of cm/yr measured over a 4 year period; Fig 2.8) reveal creek extension 
must be caused by infrequent events such as storm activity, failure of slump blocks, or 
expansion of a pool until connection with a creek (Wilson, 2006). This region can be 
recolonized by vegetation in a short period of time (years from our pool drainage 
experiment; Fig 2.1 0). 
Vertical accretion in saltmarshes is a function of organic and inorganic 
contributions to the marsh subsurface, which can include the accumulation of live and 
dead biomass (predominantly roots and rhizomes of halophytic vegetation) plus sediment 
deposited from tides, storm surges, or ice rafts. Net vertical accretion must compensate 
for processes that lower marsh elevation, including compaction and decomposition of 
organic matter. Studies have shown that factors such as sediment supply, distance to 
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creeks, hydroperiod, and belowground productivity all determine vertical accretion rates 
(Delaune et al, 1983; Nyman et al, 1993; Cahoon and Reed, 1995; Reed et al., 1999; 
Christiansen et al., 2000; Cavatorta et al., 2003; Temmerman et al., 2005; LeMay, 2007), 
thus it is expected to be spatially variable in a given saltmarsh. Wilson et al. (2009, 2010) 
established that pools in Maine have a greater accretion rate when drained compared to 
the marsh platform, where inorganic material is the major contributor. Similarly, we fmd 
revegetating pools in Plum Island Estuary have much greater vertical accretion rates than 
high marsh platforms ( ~4 mm/yr and~ 1 mm/yr, respectively, using 210 Pb) largely due to 
inorganic sediment deposition (average 70-80% inorganic). This higher rate of accretion 
is largely due to loss in elevation and associated greater hydroperiods once pools are 
drained and tidal exchange restored. This study demonstrates that saltmarsh accretion 
tends to be highly dependent on elevation changes associated with pool and creek 
dynamics, in addition to proximity to tidal channels (Reed et al., 1999; Christiansen et al., 
2000; Cavatorta et al., 2003; Temmerman et al., 2005; LeMay, 2007). 
4. 2 Changes in drainage patterns and pool area 
While a suite of physical and biogeochemical factors can cause saltmarsh pool 
formation, many studies attribute recent increase in pool occurrence to an increase in 
waterlogging from SLR (Kelley et al., 1995; van Huissteden and van de Plassche, 1998; 
Hartig et al., 2002; Cavatorta et al. , 2003). With sea-level rise, the morphological changes 
of a marsh and its creek network will depend upon the ability of the marsh to vertically 
maintain elevation through inorganic sediment trapping and below-ground biomass 
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production (Reed, 1995), and associated hydrodynamic changes (Knighton et al, 1991; 
Shi et al; 1995; Allen, 2000; Rankey and Morgan, 2002; Rieu et al, 2005; Symonds and 
Collins 2007). If a marsh is not able to maintain elevation, it is predicted that frequency 
oftidal inundation and volume of water flooding the marsh (tidal prism) will increase, 
resulting in higher drainage density (Shi et al; 1995; Allen, 2000). In addition, studies 
show that total channel length and cross-sectional area correlate to tidal prism (Steel and 
Pye, 1997; Marani et al, 2003), thus drainage density will increase as creek lengths 
increase, as shown by the relationship established by Marani et al. (2003). 
Our study in the Plum Island Estuary shows marsh pools have increased in 
surface area over the past few decades on the high marsh platform, but this phenomenon 
is coincident with a decrease in drainage density from the closure and infilling of 
anthropogenic ditches. In a survey of many New England marshes, Adamowicz and 
Roman (2005) found an inverse correlation between pool surface area and anthropogenic 
ditch length. Here, in a single New England saltmarsh in the Plum Island Estuary, we 
found an inverse correlation between pool surface area and anthropogenic ditch and 
natural creek length (and associated decrease in drainage density) over time (Fig 2.5). 
This decrease in drainage density of the high marsh suggests it is not experiencing an 
increase in tidal prism, thus it can be argued that SLR may not be driving pool formation. 
Additionally, accretion rates on the high marsh platform show the marsh is roughly 
keeping pace with SLR (-2.6 mm/yr, NOAA tide gauge, Boston, MA; Table 2.4). With 
closure and decrease in length of anthropogenic ditches, it is likely the high marshes 
observed here (and similarly in many locations in New England) are merely reverting to 
60 
natural drainage conditions (i.e., the associated decrease in drainage density is a 
remediation ofthe "overdrainage of the marsh" described by Redfield, 1972). Under 
natural drainage conditions, tidal channels are more sparsely distributed throughout a 
mature marsh area, and, as shown in this study, intercreek areas of high elevation have 
low gradients which exhibit waterlogging (Fig 2.6). Areas with low slope (marsh pannes) 
experience decreased productivity due to poor drainage and waterlogging (Mendelssohn 
et al, 1981; Howes et al., 1985). Accumulation of sulfides and high salinity can occur 
with greater rates of evaporation, which is more common on the high marsh platform 
(Redfield, 1972; van Huissteden and van de Plassche, 1998). Under stressed conditions, 
aboveground vegetation dies and belowground biomass is consumed by microbes, 
effectively lowering marsh elevation and forming marsh pools (van Huissteden and van 
de Plassche, 1998). Thus, a combination of low productivity and vegetation senescence 
from waterlogging stress due to reversion to natural drainage is likely a more prominent 
driver of pool formation. 
On a nearby low marsh platform, the opposite trend is observed: decrease in pool 
surface area is coincident with an increase in drainage density. Is the increase in drainage 
density and decrease in pool surface area on the low marsh platform due to SLR? Our 
results suggest this is not the likely scenario because accretion rates far exceed that of 
SLR (7 mm/yr compared to 2.6 mm/yr, respectively). The marsh is gaining elevation 
relative to mean sea-level (MSL) each year at a rate of ~4.5 mm/yr (7 mm/yr-2.6 mm/yr). 
Models of marsh and creek development by Pethick (1969) and Steel and Pye (1997) 
provide a more plausible explanation for the decrease in drainage density. Before a marsh 
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has developed, tidal channels are primary features of a sand or mudflat, providing 
drainage for these intertidal areas (Allen, 2000, and references within). These tidal 
channels are low order creeks, and relatively simple (i.e., display no meandering). As the 
marsh evolves and becomes vegetated, creek networks become more complex (i.e., 
meanders develop) and drainage density increases through head ward erosion of creeks 
(Allen, 2000, and references therein). It is likely that the low marsh platform in our study 
area is experiencing this trend, as thin peat and radiocarbon dating suggest this portion of 
the marsh is relatively young (Mcintyre and Morgan, 1964; McCormick, 1968; Kirwan et 
al., 2010). According to the models, as a marsh continues to vertically accrete as it 
matures, it experiences a decrease in tidal prism with increasing marsh height (Pye and 
French, 1993). This results in retraction of creeks (decrease in length) and decrease in the 
drainage density of the marsh. This evolution is supported by data from Steel and Pye 
(1997) for 13 marshes in the UK: drainage density displays a parabolic function with 
marsh age. Following this scenario, it is expected that the drainage density ofthe low 
marsh platform in our study area will stabilize over time. 
4.3 Dynamic equilibrium of New England saltmarshes? 
Sediment accretion rates show the high marsh platform is accreting at 
approximately the same rate as SLR in this area (~2 mm/yr compared to 2.6 mm/yr 
respectively). Revegetating pools and low marsh platform areas, by comparison, are 
accreting at a rate greater than SLR (5 mm/yr and 7 mrn/yr, respectively, compared to 2.6 
mm/yr). This suggests Plum Island saltmarshes currently display dynamic equilibrium 
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with respect to elevation. There is a process in place whereby marsh elevation may be 
lost (due to degradation of organic matter and formation of a pool) however may be 
regained (by creek incision into pools, restoration of tidal exchange, and rapid vertical 
accretion with plant recolonization). Loss in elevation due to degradation of organic 
matter and formation of a pool can be illustrated as Path #1 in Fig 2.16 (figure modified 
from Morris et al. , 2002). Over time, marsh pools can be drained by connection with a 
nearby tidal creek (Wilson, 2006), ultimately forming a mudflat. Despite this elevation 
loss, the mudflats are still in the "stable region" of S. alterniflora production, as outlined 
by Morris et al (2002). Creek bank tall-formS. alterniflora recolonizes the frequently 
flushed tidal flat, predominantly via expansion of vegetation from former pool shorelines 
(Wilson et al. , 2009; this study). Rapid vertical accretion allows the marsh elevation to 
rebound (Path #2 in Fig 2.16). Vegetation transects and core results reveal that eventually 
there is a succession to high marsh species (S. patens) in well-drained, creek-bank areas. 
As the marsh platform becomes more elevated relative to MSL, rates of vertical accretion 
decrease (Allen, 2000). The cyclicity of pool formation and drainage observed in 
historical imagery and core stratigraphy suggest that if drainage becomes poor again, the 
process can repeat. 
Elevation changes are critical because saltmarshes exist at or slightly above MSL 
(Redfield, 1972). Therefore, several questions arise concerning pool and creek 
morphodynamics: what is the initial elevation when a pool forms, how much elevation 
loss occurs with pool formation, at what elevation does the surface exist when a pool is 
drained, how much elevation is re-gained with revegetation? The vital question remains 
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with New England saltmarshes: if the SLR rate continues to increase coincident with 
climate change (IPCC, Donnelly and Bertness, 2001; Jevrejeva et al. , 2008; Kemp et al., 
2009), and the overall marsh elevation decreases relative to sea-level, will marsh 
productivity and dynamics eventually shift and become unstable (Morris et al, 2002; Fig 
2.16)? Currently the Plum Island marsh has a high tidal range (2.4 m), is situated high in 
the tidal frame relative to MSL (>1m), and elevation loss associated with the formation of 
pools (20-50 em) is not necessarily permanent (i.e., it is in the "stable" region in Fig 
2.16). Models of saltmarsh stability by Kirwan et al (20 1 0) show that marshes with low 
tidal range and low sediment availability can become submerged at SLR rates of only a 
few mm/yr. This is analogous to subsidence/interior ponding in Louisiana or mid-Atlantic 
marshes (e.g. , Delmarva peninsula) where tidal ranges are lower, and deterioration of 
marshes results in ponds which are situated below MSL and don't drain or become 
revegetated. Kirwan et al. (2010) ' s model predicts a threshold SLR rate of 5 mm/yr for 
marshes in Plum Island, however it should be noted that our study shows the low marsh 
platform is capable of accreting at 7-8 mm/yr (>SLR of 5 mm/yr). Also, when pools are 
drained, it only takes a few years to decades for vegetation to recolonize and vertical 
accretion to reach rates of 4mm/yr (which also exceeds that of current rate of SLR, ~2 .6 
mm/yr). Grain size analysis reveals it is predominantly coarse silt to clay, with some fine 
sand laminations. Since this is an area of extremely low suspended sediment 
concentration (particularly from riverine input; Meade, 1982; PIE-LTER online database; 
OBS results from this study), contribution of inorganic sediment to the marsh is due 
predominantly to a cannibalization of existing fme-grained sediment within the marsh 
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and estuary system. The primary source of this sediment is unknown, but presumably it is 
coming from degradation of the marsh platform, marsh edge erosion, re-suspension from 
tidal flats , and influx from the coastal ocean and nearby rivers. Future research directions 
should consider investigating the sources of inorganic sediment supplying material for 
vertical accretion in these marshes in order to understand their sustainability. In addition, 
future models should take into account saltmarsh creek and pool dynamics when 
considering saltmarsh sustainability. 
While results presented here suggest a saltmarsh in equilibrium with sea-level 
rise, the future ofNew England saltmarshes ultimately depends upon adequate vertical 
accretion (from both organic and inorganic contributions to the marsh surface) with 
future sea-level rise rates (models predict sea-level could rise 0.5 m by 2090, IPCC). 
With accelerations in sea-level rise (Donnelly and Bertness, 2001; Jevrejeva et al., 2008; 
Kemp et al, 2009), eventually organic contribution and cannibalization of existing muds 
will no longer be able to keep pace. The threshold where this occurs is likely dependent 
upon local conditions with respect to sediment supply, nutrient supply, and hydrology. 
Understanding past and present-day morphodynamics is not only fundamental for 
determining how marsh ecosystems function and develop, it will also provide insight into 
how saltmarshes will respond to sea-level rise under future climate change scenarios. 
5. Conclusions 
The results of the present study indicate the following about marsh pool and creek 
dynamics in New England: 
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1) Marsh pool evolution is closely linked with changes in drainage density as pool 
surface area has increased over the past few decades on high marsh platforms coincident 
with a decrease in drainage density. On a developing low marsh platform, the opposite 
trend is observed: decrease in pool surface area is coincident with an increase in drainage 
density. 
2) With closure and decrease in length of anthropogenic ditches and coincident increase 
in marsh pool formation, it is likely many New England saltmarshes are merely reverting 
to natural drainage conditions after a legacy of"overdrainage" (after Redfield, 1972). 
3) Pool and creek dynamics are cyclic in nature and represent marsh platform elevation in 
dynamic equilibrium with sea-level, whereby marsh elevation may be lost (due to 
degradation of organic matter and formation of a pool) however may be regained (by 
creek incision into pools, restoration of tidal exchange, and rapid vertical accretion with 
plant recolonization). 
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TABLE 2.1- Summary of GIS data in the study areas (see Figures 2.2 and 2.3 for locations). 
HIGH MARSH PLATFORM LOW MARSH PLATFORM 
1938 1952 1971 1994 2008 1938 1952 1971 1994 2008 
Anthropogenic 18036 16307 16064 14034 12065 0 0 0 0 0 creek length (m) 
Natural Creek 9747 9450 8711 8886 9596 15244 14934 10972 18134 17896 Length (m) 
Pool Area (m2) 47276 50401 65666 145493 115596 36961 22533 16846 18270 13528 
Total marsh area 117.4 117.4 117.4 117.4 117.4 93.7 93.7 68.6* 93.7 93.7 (ha) 
Drainage density 
(km/km2) 23.7 21 .9 21 .1 19.5 18.4 16.3 15.9 16.0 19.3 19.1 
* 1971 photograph does not cover entire low marsh platform area, therefore these numbers are smaller. All parameters 
are normalized by total marsh area in Figure 2. 
TABLE 2.2 - Summary of geotechnical properties of surficial saltmarsh sediment (0-50 em) on the high 
marsh platform dominated by Spartina (S.) patens, on the high marsh platform with mixed S. patens and S. 
alterniflora, and on the low marsh platform dominated by S. alterniflora. 
Average Average Average Average 
organic bulk density porosity Waterwt 
Location & Dominant VerJ.etation content (%1 (g·cm-3) (%1 (%1 
High marsh, S. patens 46.0 ± 8.0 0.06 ± 0.03 97.7 ± 1.2 81 .9±3.1 
High marsh, S. altemiflora & S. patens 35.8 ± 14.7 0.18±0.09 93.3 ± 3.2 71 .3 ± 5.9 
Low marsh , S. altemiflora 29.3 ± 7.0 0.10 ± 0.07 96.1 ± 2.6 80.6 ± 5.3 
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TABLE 2.3 -Results from two tailed t-test of equivalency to determine the statistical difference of means 
of surface properties (found in Table 2.2) and elevation and accretion rates (found in Table 2.4) at the 95% 
Confidence Interval (a= 0.05). The critical value oft (t-crit) and number of degrees of freedom (DF = Nl 
+ N2 - 2) are listed for each comparison. Significantly different means (where t > t-crit) are marked with a 
star(*). 
Organic Content High - Patens High - Patens + S alt Low-Salt 
High - Patens 3.24* 14.25* 
High - Patens+ S alt 3.24* 2.52* 
Low-Salt 14.25* 2.52* 
t-crit = 2. 00, OF = 60 
Bulk Density High - Patens High - Patens + S alt Low-Salt 
High - Patens 8.12* 4.19* 
High - Patens + S alt 8.12* 3.39* 
Low-Salt 4.19* 3.39* 
t-crit = 2.00, OF= 60 
Porosity High - Patens High - Patens + S alt Low-Salt 
High - Patens 1 0.15* 4.97* 
High - Patens+ S alt 10.15* 3.03* 
Low-Salt 4.97* 3.03* 
t-crit = 2.00, OF= 60 
Water Weight HiQh - Patens High - Patens+ S alt Low-Salt 
High - Patens 9.05* 1.41 
High - Patens + S alt 9.05* 5.98* 
Low - Salt 1.41 5.98* 
t-crit = 2. 00, OF = 60 
Elevation change (mm/yr) HiQh Marsh Low Marsh Reveg 
HiQh Marsh 5.91* 0.88 
Low Marsh 5.91* 5.48* 
Revegetating Marsh 0.88 5.48* 
t-crit = 2.30, OF= 8 
Short-term sedimentation rate (mm/yr) High Marsh Low Marsh Reveg 
HiQh Marsh 9.77* n.d. 
Low Marsh 9.77* n.d. 
Revegetating Marsh n.d. n.d. 
t-crit = 2.44, OF = 6 
Long-term sedimentation rate (mm/yr) High Marsh Low Marsh Reveg 
High Marsh 4.37* 3.04* 
Low Marsh 4.37* 5.20* 
Revegetating Marsh 3.04* 5.20* 
t-crit = 2. 77, OF = 4 
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TABLE 2.4 - Summary of elevation changes using short-term (SET) methods, and sediment accretion rates 
using short-term (feldspar horizon) and long-term ( 10Pb) methods. 
Elevation ret Elevation Sediment-
to NAVDBB change ation rate 
Type Site Environment (m) (mm/yr) (mm/yr) 
SET Levine's Point 1 High marsh 1.374 2.9 n.d. 
SET Levine's Point 2 High marsh 1.345 2.6 n.d. 
SET Levine's Point 3 High marsh 1.379 1.8 n.d. 
SET Old Levine's Point 1 High marsh 1.368 3.2 2.3 
SET Old Levine's Point 2 High marsh 1.367 2.1 2.7 
SET Old Levine's Point 3 High marsh 1.313 2.1 3.1 
SET Morris Island 1 Low marsh 0.892 6.9 7.7 
SET Morris Island 2 Low marsh 0.837 8 8.4 
SET Morris Island 3 Low marsh 0.899 5.8 7.7 
SET Law's Point 1 Low marsh 0.970 19 6.2 
SET Law's Point 2 Transition high-low 1.145 5.8 6.6 
SET Law's Point 3 High marsh 1.352 4.7 2.3 
SET Reveg Pool1 Reveg pool 1.005 2.2 n.d. 
SET Reveg Pool 2 Reveg pool 1.124 2.6 n.d. 
SET Reveg Pool3 Reveg pool 1.370 1.5 n.d. 
210Pb R-2 High marsh 1.418 n.d. 0.97 
210Pb R-3 Pool on high marsh 1.259 n.d. 0.5 
210Pb R-8 High marsh 1.375 n.d. 4.2 
21oPb R-11 Low marsh 1.061 n.d. 7.9 
210Pb R-20 Pool on low marsh 0.331 n.d. 7.3 
21oPb RRP-1 Reveg pool 0.890 n.d. 4.6 
21oPb RRP-2 Reveg pool 0.438 n.d. 5.4 
Short-term Long-term 
Elevation change sediment accretion sediment accretion 
Environment (mm/yr) (mm/yr) (mm/yr) 
High marsh 2.8 ± 1.0 2.6 ± 0.4 2.5 ± 1.5 
Low marsh 6.6 ± 1.1 7.5 ± 0.9 7.6 ± 0.4 
Revegetating pool 2.1 ± 0.6 n.d. 5.0 ± 0.6 
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Figure 2.1 - a) Pool features commonly found in New England saltmarshes; b) waterlogging, death of 
Spartina vegetation, and degradation of organic matter by microbes (such as the purple cyanobacteria 
shown here) is a common mechanism for pool formation; c) a saltmarsh tidal creek incising the marsh 
platform could connect to adjacent pools, causing their drainage; d) gSET apparatus constructed to measure 
tidal creek incision rates and marsh topographic changes. 
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Figure 2.2 - Plum Island Estuary study location. High and low marsh platforms near Rowley River 
delineated in (a). Lidar elevation and specific study areas described in text highlighted in (b). Lidar data 
courtesy ofPIE-LTER (Valentine and Hopkinson, 2005). 
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Figure 2.3- Shapefiles created from historical imagery in the study area, zoomed in on Rowley River and 
Law's Point (see Fig 2.2 for location). Natural creeks are delineated in blue, anthropogenic ditches are in 
green, and marsh pools are outlined in yellow. Only images exhibiting similar tidal stage were analyzed. 
Imagery courtesy ofPIE-LTER and MassGIS. 
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Figure 2.4- Historical imagery of Levine ' s point, Law's point, and Morris Island study areas. Location of 
core transects, gSETcreeks, SET locations, and elevation transect locations are demarkated on the 2008 
image. Dashed green line represents transition between high and low marsh platform. Note the formation 
and subsequent drainage of large pools in the high marsh platforms. 
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Figure 2.5 - Normalized creek length (a) and pool area (b) on high and low marsh platforms; drainage 
density vs . marsh pool area over time on high (c) and low (d) marsh platforms. 
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Figure 2.9 - Current velocity (left) and and suspended sediment concentration, SSC, (right) in Creeks 1 and 
2. Note both current velocities and SSC is greater in the natural creek (Creek 1). 
78 
a 
Pool perimeter 
60 
Pole I 
l 
55 ~ 
"' E 
..c. 
Pole4 u c: 
so "' .D 
E 
0 
.!:; 
45 I!! c 
B! 
iS 
40 
-140 -135 -130 -i2.5 -120 
Distance from benchmark (m) 
c 
1.5 
Pool cross-section 1 (Pole 1 to 3) 1.5 Pool cross•section 2 (Pole 4 to 2.) 
l 
-' ~ 
Apr2010 
May 2012 
Apr 2010 
May 2012 
B %! 1 .0 
. , 
"' ~ 
c 
0 
-~ ~ 0.5 
"' w
0.0 +---+---+--t--+---+--1---t 
0 2 4 6 8 10 12 14 
Distance (m) 
1.0 
0.5 
0 .0 
0 2. 4 6 8 
Distance (m) 
Figure 2.10 - Experimental drainage of a marsh pool located on the low marsh platform in the Morris 
Island study area. Pool perimeter (a), and cross-sectional profiles (c) were measured with a Pentax total 
station, shown in (b ).Colonization of Spartina alterniflora vegetation was observed two years after 
drainage along a slumped bank and on the mudflat (b). 
10 
79 
Levine's Point--High marsh Morris Island--Low marsh 
1.6 1.6 
E 1.5 -+-SETl 
....J 
1.5 
- SET2 Vl 1.4 1.4 ~ - SET3 
0 1.3 1.3 ...... 
QJ 
1.2 1.2 > 
:;::; 
ro 1.1 1.1 ~ -+-SETl 
c 1.0 
- SET2 1.0 
0 
- SET3 :;::; 0.9 0.9 ro 
> 0.8 0.8 QJ 
UJ 
Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 
10 
-+-SETl 10 -+-SETl 
E 
- SET2 - SET2 ~ 8 
- SET3 8 - SET3 c 
0 
:;::; 
6 ro 6 > ~ 
QJ 
c 4 4 
QJ 
tl.O 
c 2 2 ro 
..r::. 
u 
0 0 
Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 
10 
-+-SETl 10 
-+-SETl 
E - SET2 
- SET2 
~ 8 - 8 
c - SET3 - SET3 
0 
·~ 6 6 ro 
...... 
c 
QJ 
E 4 4 
:.0 
QJ 
Vl 2 2 
0 0 
Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 Apr-01 Jan-04 Oct-06 Ju l-09 Apr-12 
Date Date 
Figure 2.11- Top, middle: Change in elevation data from Surface Elevation Tables (SETs) at Levine ' s 
Point (high marsh) and Morris Island (low marsh) study areas. Bottom: Sedimentation rates measured using 
depth to feldspar horizons. Note greater sedimentation and change in elevation in the low marsh area. Rates 
of elevation change and sedimentation are summarized in Table 2.4. 
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Figure 2.12- Historical imagery of a marsh pool located in Levine ' s Point study area that drained between 
1994 and 2005 (top). Surface Elevation Tables (SET) placed in the drained pool in 2005 record the change 
in elevation as the pool is revegetating with Spartina alterniflora (botttom). SET locations included in 
Figure 2.4. 
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Figure 2.14- Plots ofExcess2 10Pb ( 10Pbxs) activity with depth for two cores taken in revegetating pools 
located in Law's Point study area (top left, see Figure 2.4 for core locations). Accretion rates (A) ~5 mm/yr, 
determined from the natural log ofthe activity (top right). Historical imagery shows drainage of pool and 
recent revegetation where RRP-1 was collected (bottom). 
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Figure 2.15 -Change in elevation measured with SETs plotted with respect to elevation (relative to 
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NA VD88) in Plum Island Estuary saltmarshes. Note change in elevation from SETs (considered short-term 
measurements, trendline in black) is much greater than vertical accretion rates determined from 210Pb 
activity with depth (considered long-term measurement, trendline in red), but both show higher rates at 
lower elevation. 
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Figure 2.16 - Conceptual model of elevation changes and saltmarsh productivity as a result of pool and 
creek dynamics in a New England saltmarsh (data from Plum Island Estuary). Average elevation of high 
marsh platform is 1.4 m above NA VD88, low marsh platform is 1.0 m above NA VD88. Pool depth is on 
average 20-50 em (Adamowicz and Roman, 2005). Average elevation ofthe high marsh is marked by the 
star (note low productivity). Path 1 shows pool formation shifts surface elevation into more productive 
region of the curve. When tidal exchange is restored (drainage of pool by connection with creek), the 
former pool surface is revegetated, has high productivity, and high rates of accretion (this study and Wilson 
et al. , 201 0). This results in Path 2. As long as original elevation minus loss in elevation from pool 
formation does not shift platform into unstable region of the curve, revegetation and regain of elevation is 
possible. [Standing Spartina alterniflora biomass from the Marsh Equilibrium Model (MEM) 3.4 by J. 
Morris and PIE-LTER biomass data. Stable and unstable regions from Morris et al. (2002)]. 
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CHAPTER THREE 
Evolution of Boston Harbor's Embayed Saltmarshes: 
A Refined Holocene Sea-level Curve for Massachusetts and Implications of Recent 
Anthropogenic Alterations 
Abstract 
Saltmarsh evolution is closely linked to sea-level rise (SLR) and sediment supply, 
and in a regime of accelerating SLR, their survival depends the ability of the marsh 
platform to grow vertically through organic and inorganic accumulation. In glaciated 
settings, the formation and maintenance of a saltmarsh is complicated due to widespread 
steep upland boundaries, low sediment availability, and critical changes in elevation due 
to anthropogenic alteration. Boston Harbor contains over 30 small islands formed through 
the flooding and gradual reworking of a drumlin field. While much work has been done 
regarding the development of expansive saltmarshes in Massachusetts, little is known 
about Boston Harbor's isolated saltmarshes, particularly their evolution throughout the 
Holocene. A series of auger and vibracores on two embayed saltmarshes on Thompson 
and Peddocks Islands provide a means for reconstructing both long- and short-term 
geomorphology, revealing that these marshes developed 2-4 thousand years ago (ka) 
when sea-level rise rates decelerated from~ 3 mm/yr to lmm/yr. Moreover, the 
Massachusetts relative sea-level curve is refmed and the timing of sea-level deceleration 
is identified between 3.3 and 3.8 ka. Finally, recent vertical accretion rates indicate 
portions of Boston Harbor' s saltmarshes may be able to keep pace with sea-level rise, but 
many marshes are still re-adjusting elevation after anthropogenic alteration (diking, 
ditching). Internal cannibalization of the marsh may be the dominant process for New 
England saltmarshes to survive accelerated sea-level rise under sediment starved 
conditions. 
1. Introduction 
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Coastal evolution throughout the Holocene has depended largely upon local or 
regional tectonics and relative sea-level fluctuation. For example, glacioisostatic 
adjustment in Northern Europe is manifested by coastal regression, evident in many 
stranded shorelines and falling water levels recorded with tide gauges (Krauss, 1974; 
Johansson et al., 2001). Conversely, isostatically stable areas have experienced shoreline 
transgression from sea-level rise as meltwater contribution in the early Holocene 
increased ocean volumes (Milne et al, 2005; Peltier, 2004, 2005). Combination of the two 
processes (glacio-isostatic movement and eustacy) has resulted in complicated sea-level 
histories in many regions world-wide, including the northern Atlantic coast of the United 
States (Kaye and Barghoorn, 1964; Oldale et al., 1993; Englehart et al., 2009). In New 
England, the relative sea-level trend includes a rapid fall from a highstand-30m above 
present mean sea-level (MSL) - 14 thousand years ago (ka) to a sea-level lowstand -40 m 
below present MSL - 12 ka, followed by rapid sea-level rise (SLR) from -12 ka to -4ka 
(Oldale et al. , 1993). A deceleration in SLR occurred at -4-6 ka, which coincides with 
the timing of barrier island and estuarine development along the Massachusetts shoreline 
(Mcintyre and Morgan, 1964; Kaye and Barghoorn, 1964; Redfield, 1965; Oldale et al., 
1993). Redfield (1965) describes the expansion of the Barnstable marsh behind a sandy 
spit that developed on Cape Cod as sea-level stabilized throughout the Holocene. He 
reported those marshes to be 3000-4000 years in age (Redfield, 1965). Similarly, 
Mcintyre and Morgan (1964) found the saltmarshes ofPlum Island Estuary in 
northeastern Massachusetts to have expanded ~3.5 ka. 
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The geology of Boston Harbor is characterized by crystalline bedrock composed 
of argillite and granodiorite, with surficial features consisting of a partially-submerged 
drumlin field consisting of 34 islands (Kaye, 1982; Rosen et al., 1993; Fig 3.1 ). Mean 
tidal range is 2.8 m. The islands have ~ 10 km of fringing saltmarsh with Spartina 
alterniflora halophytic vegetation, and 3 small embayed saltmarshes (2 on Thompson 
Island, 1 on Peddocks Island; ~0.13 km2 total area) that exhibit both S. alterniflora and S. 
patens vegetation (Fig 3.1 ). While much work has been done regarding the development 
of expansive saltmarshes to the north and south (e.g., Plum Island Estuary [Mcintyre and 
Morgan, 1964; McCormick, 1968; Hartwell, 1972], Romney marsh [Mudge, 1862; 
Chapman, 1960; Donnelly, 2006], Cape Cod [Redfield, 1965; 1972]), little is known 
about Boston Harbor's isolated saltmarshes, particularly their evolution throughout the 
Holocene. Some paleoecology work has been done on a protected gravel barrier 
saltmarsh on Calf Island (Patterson et al, 2005), and peat from a fringing saltmarsh on 
Thompson Island was used by Kaye and Barghoom (1964) to help construct a Holocene 
sea-level curve for Massachusetts. However comprehensive ecogeomorphic studies are 
lacking. 
The purpose of this study is to document the evolution of Boston Harbor's 
embayed saltmarshes in order to understand their formation and evolution with Holocene 
and recent accelerated sea-level rise (Kaye and Barghoom, 1964; Mcintyre and Morgan, 
1964; Donnelly, 2006; Kemp et al., 2009; Englehart et al., 2009). An analysis of 
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historical anthropogenic alteration is included to provide a comprehensive evaluation of 
present and future sustainability. 
2. Methods 
To determine the history of Boston Harbor's marshes and their response to 
Holocene sea-level rise, we collected 12 vibracores and hand-drilled auger cores (8 em 
diameter) from the marshes on Thompson and Peddocks Islands during the summers of 
2009 and 2010 (core locations in Fig 3.1). Cores were described for stratigraphy, 
photographed, and sub-sampled with depth for determination of bulk density and bulk 
organic content (loss on ignition). The majority of extracted cores were collected on 
Thompson Island, as gravel storm deposits on Peddocks Island proved difficult to 
penetrate with either vibracores or hand-pushed auger cores. 
Core locations were found with a hand-held Garmin GPS and surveyed to nearby 
temporary benchmarks using a Pentax total station. Elevation of temporary benchmarks 
relative to NAVD88 (and thus core elevations relative to NAVD88) was determined at 
later dates (June 2011 and July 2012 for Thompson and Peddocks, respectively) using a 
Topcon Hiperlite+ real-time kinematic (RTK) system. 
Saltmarsh basal peat (roots and rhizomes directly overlying consolidated material) 
was identified by analysis of foraminiferal assemblage (similar to methods by Kemp et 
al. , 2009). These samples were washed through a 500 J..Lm sieve stacked on top of a 63 Jlm 
sieve. Material trapped between the sieves was analyzed under the microscope, and any 
foraminifera characteristically found in New England saltmarshes were noted (identified 
species include Jadammina macrescens, Milliammina petila, Trochammina injlata, 
Tiphotrocha comprimata, and Arenoparella mexicana; Scott and Leckie, 1990; de Rijk 
and Troelstra, 1997). Plant material trapped on the sieves was identified, and particles 
suitable for radiocarbon dating from five samples (rhizomes if present; bulk organic 
material, charcoal, or wood if not) was sent to Woods Hole Oceanographic Institute' s 
NOSAMS facility (see Table 3.1). 
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In addition, recent evolution of these marshes and anthropogenic changes were 
analyzed using historical imagery found online from MassGIS and USGS Earth Explorer. 
Images from 1939, 1955, 1971 , 1992, and 2008 were assessed to detect changes in 
saltmarsh areal extent and morphology. Recent sedimentation was determined using 21 0Pb 
dating on selected core samples following methods of Kolker et al. (20 11 ). 
3. Holocene Evolution and Sea-level History 
Core stratigraphy reveals that saltmarsh peat extends to 2-4 m depth within ~ 15 m 
of the upland boundaries of both Thompson and Peddocks Islands (Figs 3.2 and 3.3). 
These peats overlie consolidated bluish-grey clay and sand or unsorted till deposits that 
extend >4 m depth, which are interpreted to be Boston Blue Clay and Glacial Till, 
respectively (Fig 3.3b). Both ofthese sedimentary facies are typically found in the 
Boston Harbor area (Kaye and Barghoom, 1964; Kaye, 1982; Rosen et al., 1993): till was 
deposited by the Laurentide Ice Sheet, which covered the region ~ 18 to 22 thousand 
years ago (ka), and Boston Blue Clay subsequently blanketed these deposits during a sea-
level highstand ~ 14 ka (Kaye and Barghoom, 1964; Kaye, 1982; Rosen et al. , 1993; 
Newman and Holton, 2006). The saltmarsh peats on Thompson and Peddocks Islands 
exhibit alternating layers of Spartina alterniflora and Spartina patens vegetation, and 
there is evidence of many inorganic rich (muddy or sandy) storm layers (Figs 3.2 and 
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3.3). Organic content varies between 20 and 45% (averaging 23%), and bulk density 
varies between 0.08 and 0.18 g·cm-3 (averaging 0.12 g·cm-3). On Thompson Island, 
surficial peat (~1m depth) exhibits a sharp transition between S. patens vegetation (found 
at depth) and S. alterniflora vegetation (found at the surface; Fig 3.2). This has 
significance regarding anthropogenic alteration of the saltmarsh, as discussed below. 
Spartina alterniflora is currently the dominant vegetation of this marsh, with only a small 
fringe of S. patens that is present along the upland border. This sharp transition is not 
present at the surface of Peddocks Island marsh, as S. patens is currently the dominant 
vegetation of this saltmarsh. Elevation surveys reveal the Thompson Island marsh is on 
average low in elevation (ranging 0.4 to 0.8 m relative to NAVD88). Problems were 
encountered getting a fixed position for elevations at Peddocks Island due to distance 
from land-based GPS antennas. Results indicate this marsh is much higher in elevation, 
comparatively ( ~ 1.3 m above NA VD88, however with an associated error ±50 em). As 
New England saltmarsh vegetation is determined by salinity, hydroperiod, and soil 
oxygen availability (Niering and Warren, 1980), elevation results help explain dominant 
vegetation presently observed at both saltmarsh locations. Currently the Thompson Island 
marsh platform is situated below mean high water (MHW; ~0.6 m above NAVD88 
compared to ~ 1.3 m above NA VD88, respectively), however the presence of S. patens at 
depth indicates that it once existed approximately at MHW in the past (Niering and 
Warren, 1980; Donnelly, 2006). 
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Thick saltmarsh peat found proximal to steep upland boundaries suggest the 
saltmarshes on Thompson and Peddocks Islands developed within basins located between 
topographic highs. On Thompson Island, the topographic highs are glacially-derived 
deltaic deposits (Hughes et al., 2010), and we hypothesize that the saltmarsh developed 
within a kettle hole formed by the retreating Laurentide Ice Sheet (Fig 3.4). During 
retreat, which occurred between 18 to 22 ka (Kaye and Barghoom, 1964; Stone and 
Peper, 1982), deposition of prograding deltaic sediment occurred around isolated ice 
blocks on Thompson Island (Fig 3.4a). Melting of the ice formed kettle depressions (Fig 
3.4b). As sea-level rose throughout the Holocene, saltmarshes developed within these 
depressions on top of Boston Blue Clay that was deposited during the sea-level highstand 
~ 14 ka (Figs 3 .4c and d). On Peddocks Island, it is hypothesized the saltmarsh developed 
in a similar fashion between two drumlins (stratigraphy and GPR profiles indicate 
topographic highs here are glacial till; Rosen et al, 1993; Hughes et al., 201 0). 
As sea-level has risen throughout the Holocene, the saltmarsh has transgressed 
over the upland boundary, as shown by saltmarsh peat composed of Distichlis sp. (high 
marsh) roots and rhizomes overlying glacial till or Boston Blue Clay (Figs 3.2 and 3.3). 
Saltmarsh foraminifera indicative of high marsh (including species Jadammina 
macrescens and Milliammina petila; Scott and Leckie, 1990; de Rijk and Troelstra, 1997; 
Kemp et al. , 2009) were identified within these peats, corroborating transgression of 
saltmarsh over upland boundaries (Fig 3.5). Radiocarbon ages of four basal peat samples 
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and one intercalated peat sample with 2-o errors are presented in Table 3.1. Radiocarbon 
dated material included Distich/is rhizomes, wood, and charcoal (see Table 3.1 for 
sample details). These results reveal the saltmarsh on Thompson developed >4 ka, while 
that on Peddocks developed >2 ka. A compilation of index points (basal peat data in 
addition to other sea-level indicators) from various studies in Massachusetts (Mcintyre 
and Morgan, 1964; Donnelly, 2006; Engelhart et al. , 2009; Hein, 2012; adjusted relative 
to mean sea-level circa 1900 following methods of Engelhart et al, 2009) including our 
data is shown in Figure 3.6. Our results from Thompson Island agree well with 
established data and provide more precise index points for relative sea-level fluctuation in 
the mid-Holocene. In particular, our results help refme the Massachusetts relative sea-
level curve from 3-4 ka, a critical time when relative sea-level rise decelerated in the 
region. We present data that suggest this deceleration occurred between 3.3 and 3.8 ka. 
Previous authors date the timing of deceleration in sea-level rise as ~3 ka (Redfield and 
Rubin, 1962; Kaye and Barghoom, 1964; Mcintyre and Morgan, 1964). Analysis of peats 
in the Barnstable marshes on Cape Cod led Redfield and Rubin (1962) to suggest a sea-
level stillstand was attained sometime between 2.1 and 3.7 ka and that sea-level change 
since 2.1 ka has been due to land subsidence. Both Mcintyre and Morgan (1964) and 
Kaye and Barghoom ( 1964) present evidence from north and central Massachusetts 
(Plum Island and Boston area, respectively) that sea-level has been stable for the past 
three thousand years. Our data refme this date to ~3.3 ka, with the major deceleration 
occurring between 3.3 and 3.8 ka. We calculate that prior to 3.8 ka, the rate of relative 
sea-level rise was ~3.3 mrnJyr, with a rate of ~0.4 mrnJyr from 3.3 ka to present. This 
agrees well with previous results by Mcintyre and Morgan (1964) and Redfield and 
Rubin (1962; Mcintyre and Morgan: ~2 mm/yr prior to 4ka, ~1 mm/yr from 4 ka to 
present; Redfield and Rubin, 1962: ~3 mm/yr before 3.7 ka, ~1 mm/yr from 3.7 ka to 
present). Rates of relative sea-level rise in the late Holocene determined by Donnelly 
(2006) and more recently by Engelhart et al. (2009) were 0.8 ± 0.3 mm/yr since 3.3 ka, 
and 0.6 ± 0.1 mm/yr since 4 ka, respectively. 
4. Recent Anthropocene Evolution and Implications 
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Hughes et al. (20 1 0) established that these marshes have had extensive 
anthropogenic alteration, particularly that on Thompson Island for agricultural purposes 
(haying S. patens saltmarsh vegetation). In that particular marsh, two dikes (earthen 
mounds) were emplaced to block the existing tidal .channels, and tidal exchange was 
restricted to a small culvert through one ofthe dikes (Fig 3.7). The marsh was ditched to 
allow better drainage and facilitate growth of S. patens vegetation (Fig 3.7). Recent 
studies conclude that anthropogenic alteration (such as diking and ditching practices) can 
have major repercussions on biogeochemical cycles, preservation of organic content, 
production ofbelowground biomass, and saltmarsh elevation (Portnoy and Giblin 1997; 
Portnoy, 1999; Reddy and Delaune, 2008; Wright, 2012). For example, a recent study by 
Wright (2012) found ditched New England saltmarshes exhibit lower elevation than 
unditched saltmarshes due to greater aeration of the subsurface, resulting in lower 
preservation of organic content with depth. Additionally, it is well documented that diked 
marshes that are also ditched to facilitate drainage similarly experience soil aeration, 
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organic decomposition, and subsidence due to changes in soil biogeochemistry (increase 
in sulfide, decrease in pH, and mobilization ofFe2+ and Al which impairs plant enzymes; 
Portnoy, 1999 and references within; Reddy and Delaune, 2008). Loss in elevation can be 
quite drastic, which has major implications for saltmarsh vegetation production (Morris et 
al., 2002). For example, elevation in a diked and drained Cape Cod saltmarsh was 90 em 
below adjacent unaltered sites due to loss of organic sediment volume (Portnoy and 
Giblin 1997; Portnoy, 1999). Anisfeld et al. (1999) similarly found decreased organic 
matter accretion due to aerobic conditions in a tidally restricted marsh in Connecticut. 
Here, we present stratigraphic evidence of geomorphic changes associated with 
anthropogenic alteration (Figs 3.2 and 3.7). As mentioned previously, a sharp transition 
in surface vegetation is observed, with species shift from S. patens to S. alterniflora. This 
is likely a result of loss in elevation that occurred while the marsh was diked. When tidal 
exchange was restored (between 1955 and 1971 , according to historical imagery), the 
marsh subsequently experienced a drastic increase in flooding frequency which caused an 
immediate vegetation shift from S. patens to S. alterniflora. Elevation surveys reveal the 
Thompson Island marsh is presently a low marsh platform (ranging 0.4 to 0.8 m relative 
to NAVD88), however stratigraphy and analysis ofhistorical images shows this was once 
a high marsh platform where S. patens dominated. Since S. patens exists at ~ 1.3 m above 
NAVD88 (~ MHW, Niering and Warren, 1980; Donnelly, 2006), we can deduce that >50 
em of subsidence occurred between the time the marsh was diked and ditched to when 
tidal exchange was restored. 
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Donnelly and Bertness (2001) observed a similar transition of high marsh species 
(S. patens and Distich/is sp.) to low (S. alterniflora) in a Rhode Island saltmarsh, and 
attributed this species shift to changes in waterlogging due to sea-level rise. Other studies 
show S. alterniflora is the dominant species where waterlogging occurs (Niering and 
Warren, 1980). Wilson (Chapter 2 ofthis dissertation) shows 1) surface gradients are an 
important factor concerning species dominance, and 2) closure of anthropogenic ditches 
and reversion to natural drainage conditions leads to waterlogging in some New England 
saltmarshes. We present evidence here that anthropogenic alteration to a marsh (ditching, 
diking) can result in relative sea-level rise from subsidence and subsequent vegetation 
shift, specifically from S. patens to S. alterniflora. 
Activity of 210Pb with depth captures change in vertical accretion rates as tidal 
exchange was restored to the saltmarsh (which occurred between 1955 and 1971; Fig 
3. 7). Accretion was particularly high in this saltmarsh circa ~ 1970 to 1980 ( ~ 12 rnm/yr) 
and then decreased circa 1980 to present (to ~3 rnm/yr; Fig 3.7b). This exceptionally high 
accretion rate for this area (normally~ 7 rnm/yr on low marsh platforms; Argow, 2006; 
Anisfeld et al., 1999; Wilson et al., 2010; Kolker et al., 2010) is likely due to the creation 
of accommodation space from subsidence induced by tidal restriction from diking 
(decreased sediment supply; Portnoy, 1999) and increased decomposition from ditching 
(increased aeration: Portnoy, 1999; Wright, 2012). Vertical accretion since reintroduction 
of tidal flows has been largely due to inorganic accumulation (bulk organic content only 
~20% by weight), however this appears to be at the expense of the surrounding marsh 
platform. Hughes et al (2010) determined the areal extent of marsh has decreased ~30% 
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from 0.06 to 0.04 km2 from 1939 to 2008 from shoreline erosion and retreat (Fig 3.7a). 
Material eroded from retreating shorelines could be reworked and supplying sediment for 
vertical accretion, however further studies are needed to evaluate the overall fate of this 
sediment. 
This has major implications regarding Saltmarsh restoration in New England 
marshes after a legacy of diking and ditching practices. As determined by Morris et al. 
(2002), S. alterniflora productivity is dependent on elevation. While feedback 
mechanisms are in place for low marshes to vertically accrete at greater rates than high 
marshes (due to an increase in hydroperiod and associated increase in sedimentation), a 
threshold exists whereby saltmarshes are no longer stable. As shown in this study, diking 
and ditching can have a profound effect on saltmarsh elevation due to subsidence from 
decreased sediment supply in addition to decomposition of organic-rich soils due to 
aeration. While presently the accretion rate on Thompson Island is approximately equal 
to current rates of SLR (3 mm/yr compared to 2.6 mm/yr, respectively), this has been at 
the expense of the surrounding saltmarsh platform (cannibalization of existing [me-
grained sediment within the marsh and estuary; Hughes et al. , 2010). Moreover, a recent 
study by Hapke and Lentz (20 11) showed recent shoreline protection along Boston 
Harbor's drumlins have decreased sediment yields to the coastal ocean. Since this is an 
area of extremely low suspended sediment concentration (particularly from riverine 
input; Meade, 1982; Hapke and Lentz, 2011), erosion of drumlins is a major source of 
fine grained sediment to Boston Harbor's saltmarshes (Hapke and Lentz, 2011 ). It is 
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likely that sediment starvation, compounded with predicted accelerations in SLR (IPCC, 
2007) will result in further saltmarsh deterioration in the future. 
5. Conclusions 
The following conclusions can be made from the results of this study: 
1) Em bayed marshes on Thompson and Peddocks Islands developed 2-4 ka when sea-
level rise rates decelerated from~ 3 mm/yr to 1mm/yr. 
2) Dating of basal peats helps refine the Massachusetts sea-level curve and identify the 
changes in relative sea-level rise rates during the mid-Holocene, particularly the timing of 
deceleration between 3.3 and 3.8 ka. 
3) Vertical accretion rates indicate portions of saltmarshes may be able to keep pace with 
sea-level rise, but many marshes are still re-adjusting elevation after anthropogenic 
alteration (diking, ditching). Internal cannibalization of the marsh (evidenced by decrease 
in marsh area from shoreline erosion) may be the dominant process for New England 
saltmarshes to survive accelerated sea-level rise under sediment starved conditions. 
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Figtrre 3.1 - Boston Harbor study area including location of Thompson and Peddocks Islands and core 
locations described in text. 
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Figure 3.2 - Stratigraphic cross section of core transect taken on Thompson Island (location in Fig 3.1 ). 
Red arrows indicate basal peat sample locations for radiocarbon dating. Orange arrow is an intercalated 
peat that was also radiocarbon dated. 
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this core is ~ 1.3 m above NA VD88 . Red arrow indicates basal peat sample location for radiocarbon dating. 
b) Photograph and diagram showing basal peat contact. 
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Figure 3.4 -Conceptual model of geomorphic evolution of Thompson Island and saltmarsh formation in 
the Holocene. Generalized relative sea-level curve from Oldale (1993). 
Figure 3.5- Foraminifera found in saltmarsh basal peat samples. High marsh species are Jadammina 
macrescens (top left) and Milliammina petila (top right). Other typical saltmarsh species include 
Tiphotrocha comprimata (bottom left) and Trochammina inflata (bottom right). 
103 
-2 
8-4 
0\ 
-_.-6 
~-8 
E 
:; -10 
""' 0::: -12 
~14 
Massachusetts Sea-level Curve 
D Published date 
• This study 
-160~--~--~------------~----6----~--~8 
1 2 3 4 5 7 
Age {ka 1900~ 
104 
Figure 3.6 - Sea-level index points from published data plus this study. Points included from this study are 
from Thompson Island, as there were major elevation errors (±50 em) associated with the core location on 
Peddocks Island. Note deceleration in relative sea-level between 3.3 and 3.8 ka. Published dates are from 
Mcintyre and Morgan (1964), Donnelly (2006), Engelhart eta!. (2009), and Hein (2012); adjusted relative 
to mean sea-level circa 1900 following methods ofEngelhart eta!. (2009). 
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25 
Figure 3.7 - a) Historical imagery from Thompson Island marsh (from Hughes et al, 2010). Note blockage 
of major tidal channel to west from earthen dike emplacement. Tidal circulation was restricted to a small 
culvert through the southern dike. This marsh was extensively ditched and hayed between 1939 and ~ 1960. 
Areal extent of the marsh decreased ~30% (from 0.06 to 0.04 km2) between 1958 and 2008 from shoreline 
erosion and retreat (middle image has 1938 photo overlain by 2008 marsh shapefile) . b) 210Pb results from 
this study indicate vertical accretion in this marsh was relatively rapid between 1969 and 1980 ( ~ 11 
mm/yr), then decelerated from ~ 1980 to the present ( ~3 mm/yr). 
Tabl.e 3.1. CALIBRATION OF RADIOCARBON AGES FROM BASAL PEAT SAMPLES 
-a -a 
NOSAMS Basal./ Reported Ca1.1-o Age Age 
Core I Sample Accession Latitude Longitude Elevation (m Elevation Elevation Intercalated 14C Age Age Prob- Cal'. 2.-a age Prob-
ID Number• (oN) (OW) NAVD88) (m MSL) (m MSL 1900) Peat Dated Material (yrs BP) (yrs BP)u ability (yrs BP) ability 
Tl-2 (338-341) OS-87442 42.3131 -71 .0121 -3.524 -3.432 -3.146 Basal rhizome 3790± 25 4107 ± 13 0.196 4111 ± 31 0.246 
(Dfstichlis sp.) 4155± 1!2 0.208 4188:!: 74. 0.754. 
I 4174±1.1 0.160 
4215±23 0.436 
Tl-3 (294-297) OS-87529 42.3131 -71 .0120 -2.916 -2.824 -2.538 Basal charcoal 3550 ± 30 3738 ± 6 0.058 3760 ±55 0.287 
3783 ± 9 0.099 3868 ± 80 0.705 
3860 ±47 0.843 3955 ±4 0.007 
.. 
Tl-8 (272-274) OS-87443 42.313065 -71 .012 -2.050 -1 .958 -1 .672 Basal wood 3080±25 3282± 23 0.481 3224 ±4 0.009 
3337 ± 25 0.519 3304 ± 88 0,991 
Tl-8 (264-266) OS-87523 42.313065 -71 .012 -1.970 -1.878 -1 .592 Intercalated wood 3030 ± 25 3240 ± 39 0.688 3178 ± 22 0.097 
3307 ± 21 0.312 32:70 ±98 0.903 " 
Pdl-1 (218-220) 05-87'444 42.29115 -70.94087 -0.829 -0.737 -0.450 Basal wood 2700± 35 2781 ±28 0.633 2806 ±76 1.000 
2831 ±.18 0.367 
•Radiocarbon analysis performed at the National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) at Woods Hole Oceanographic Institution, Woods Hole, MA. USA. 
1 All radiocarbon ages were calibrated using Calib 6.0.1 (Stuiver and Reimer, 1993) which includes a reservoir correction. Samples were calibrated with lntCal09 (Reimer et al, 2009) calibration 
curves. 
tAll dates in text are reported as 2-sigma calibrated ages before 1950. 
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Rowley, Massachusetts 
R-1 
R-2 
R-3 
R-4 
vibracore 
vibracore 
vi bra core 
vibracore 
Date 
Extracted 
9-Jul-07 
10-Jul-07 
10-Jul-07 
11-Jul-07 
11-Jul-07 
11-Jul-07 
11-Jul-07 
24-Jun-08 
24-Jun-08 
24-Jun-08 
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15-May-10 
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25-May-10 
25-May-10 
25-May-10 
25-May-10 
25-May-10 
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23-0ct-10 
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22-0ct-10 
22-0ct-10 
28-5ep-08 
28-5ep-08 
28-5ep-08 
28-5ep-08 
APPENDIX A 
CORE LOCATIONS 
Latitude 
("N) 
33.05381 
33.05361 
33.05400 
33.05425 
33.05455 
33.05465 
33 .05448 
33.05353 
33 .05357 
33.05478 
33.05400 
33.05403 
33.05486 
33.05472 
33 .05468 
33.05461 
33.05401 
33 .05400 
33 .05398 
33.05397 
33.05385 
33.05383 
33.05382 
33.05370 
33.05368 
33.05365 
33.05360 
33.05355 
33.05460 
33.05488 
33.05350 
33.05348 
33 .05346 
33.05341 
42.72831 
42.72833 
42.72828 
42.72814 
Longitude 
{"W) 
-79 .39219 
-79.39242 
-79.39210 
-79.39205 
-79.39187 
-79.39220 
-79.39183 
-79.39245 
-79.39243 
-79.39175 
-79.39232 
-79.39203 
-79.39223 
-79.39229 
-79.39233 
-79.39238 
-79.39081 
-79.39082 
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-79 .39088 
-79.39052 
-79.39054 
-79.39053 
-79.39057 
-79.39009 
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-79.39013 
-79.39021 
-79 .39222 
-79.39182 
-79.39003 
-79.39008 
-79.39001 
-79.39004 
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-70.85453 
-70.85383 
Elevation 
ref to 
NAVDBB 
(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
1.356 
1.418 
1.259 
1.462 
Elevation 
ref to MSL 
(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
1.378 
1.440 
1.281 
1.484 
Elevation 
ref to 
MHW{m) 
-0.10 
-0.13 
-0.14 
-0.25 
-0.21 
-0.30 
-0.36 
-0.68 
-0.42 
-0.15 
-0.24 
-0.27 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N .A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
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Compaction 
(em) 
117 
34 
52 
57 
38 
66 
65 
8 
7 
0 
0 
7 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
37 
65 
58 
87 
Core Type 
Rowley, Massachusetts (continued) 
R-2 auger 
R-3 auger 
R-5 vibracore 
R-6 auger+ vibracore 
R-7 auger 
R-8 auger 
R-9 auger 
R-10 auger 
R-11 auger 
R-12 auger 
R-13 auger 
R-14 auger 
R-15 auger 
R-16 auger 
R-17 auger 
R-18 auger 
R-19 auger 
R-20 auger 
RRP-1 auger 
RRP-2 auger 
Thompson Island, Boston Harbor 
TI -l auger 
Tl-2 vibracore +auger 
Tl-3 vibracore +auger 
Tl -4 auger 
TI-S auger 
Tl -6 vibracore 
Tl-7 auger 
Tl-8 auger 
Tl-9 vibracore 
Tl -10 vibracore 
TI-ll vibracore 
Peddocks Island, Boston Harbor 
Pdl-1 auger 
Calf Island, Boston Harbor 
Cl-1 
Cl-2 
Cl-3 
Cl-4 
CI-S 
Cl -6 
auger 
auger 
auger 
auger 
auger 
auger 
Date 
Extracted 
28-Sep-08 
28-Sep-08 
4-0ct-09 
4-0ct-09 
4-0ct-09 
26-Apr-10 
26-Apr-10 
26-Apr-10 
26-Apr-10 
28-Apr-10 
28-Apr-10 
26-Apr-10 
26-Apr-10 
28-Apr-10 
28-Apr-10 
28-Apr-10 
28-Apr-10 
28-Apr-10 
2-Sep-10 
2-Sep-10 
6-Apr-09 
16-Aug-09 
13-Aug-09 
13-Aug-09 
13-Aug-09 
13-Sep-09 
13-Sep-09 
7-Sep-10 
8-Sep-10 
8-Sep-10 
8-Sep-10 
7-Apr-10 
20-Aug-09 
20-Aug-09 
20-Aug-09 
15-Sep-09 
15-Sep-09 
15-Sep-09 
Latitude 
("N) 
42.72833 
42 .72828 
42.72831 
42.72822 
42.72903 
42.72543 
42.72559 
42.72577 
42.72589 
42.72628 
42.72637 
42.72660 
42.72662 
42.73112 
42.73119 
42 .73131 
42.73137 
42.72647 
42.73063 
42.73157 
Longitude 
r·w; 
-70.85486 
-70.85453 
-70.85361 
-70.85142 
-70.85094 
-70.83350 
-70.83349 
-70.83349 
-70.83349 
-70.83555 
-70.83545 
-70.83530 
-70.83514 
-70.84312 
-70.84306 
-70.84293 
-70.84288 
-70.83522 
-70.84423 
-70.84252 
42.31277 -71.01215 
42.31305 -71.01205 
42.31306 -71.01204 
42.31309 -71.012 
42.31313 -71.01196 
42.31396 -71.01262 
42.314483 -71.013167 
42.313065 -71.012 
42.31206 -71.01337 
42.31228 -71.01499 
42.312481 -71.015711 
42.29115 -70.94087 
42.34165 -70.89648 
42.34167 -70.89632 
42 .34167 -70.89616 
42.34147 -70.89626 
42 .34182 -70.89635 
42.34203 -70.89638 
Elevation 
relto 
NAVDBB 
(m) 
1.418 
1.259 
1.355 
1.445 
1.512 
1.375 
1.255 
1.109 
1.061 
1.473 
1.430 
1.101 
1.028 
1.438 
1.351 
1.115 
1.107 
0.331 
0.890 
0 .438 
0.755 
0 .418 
0.576 
0 .825 
0.853 
N.A. 
N.A. 
0.679 
N.A. 
N.A. 
N.A. 
1.361 
Elevation 
relto MSL 
(m) 
1.440 
1.281 
1.377 
1.467 
1.534 
1.397 
1.277 
1.131 
1.083 
1.495 
1.452 
1.123 
1.050 
1.460 
1.373 
1.137 
1.129 
0.353 
0 .912 
0 .460 
0.847 
0.510 
0 .668 
0.917 
0.945 
N.A. 
N.A. 
0.771 
N.A. 
N.A. 
N.A. 
1.453 
1.141 1.233 
1.177 1.269 
1.190 1.282 
1.124 1.216 
1.147 1.239 
1.267 1.359 
Elevation 
rei to 
MHW{m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N,A. 
N.A. 
N.A. 
N.A. 
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Compaction 
(em) 
N.A. 
N.A. 
137 
38 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
55 
56 
N.A. 
N.A. 
34.9 
N.A. 
N.A. 
11 
63 
111 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
Core Type 
Dote 
Extracted 
Rowley, Massachusetts (NSF LENS Project) 
SW-R1 auger 10-Sep-09 
SW-R8 auger 10-Sep-09 
SW-R13 auger 10-Sep-09 
SW-R28 
SW-R33 
SW-R37 
SW-L45 
SW-LSO 
SW-L56 
SW-L71 
SW-L77 
SW-L80 
WE-R01 
WE-R05 
WE-R11 
WE-R23 
WE-R27 
WE-R32 
WE-L35 
WE-L40 
WE-L45 
WE-L63 
WE-L68 
WE-L72 
CL-R13 
CL-R18 
CL-R24 
CL-R30 
CL-R36 
CL-R40 
NE-L01 
NE-L13 
NE-L23 
NE-L29 
NE-L38 
NE-L50 
SW-R1 
SW-R8 
SW-R13 
SW-R28 
SW-R33 
SW-R37 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
10-Sep-09 
10-Sep-09 
10-Sep-09 
10-Sep-09 
10-Sep-09 
10-Sep-09 
14-Sep-09 
14-Sep-09 
14-Sep-09 
4-Sep-09 
4-Sep-09 
4-Sep-09 
8-Sep-09 
8-Sep-09 
8-Sep-09 
8-Sep-09 
8-Sep-09 
8-Sep-09 
8-Sep-09 
9-Sep-09 
9-Sep-09 
9-Sep-09 
9-Sep-09 
9-Sep-09 
9-Sep-09 
9-Sep-09 
9-Sep-09 
14-Sep-09 
14-Sep-09 
14-Sep-09 
14-Sep-09 
14-Sep-09 
14-Sep-09 
11-0ct-10 
11-0ct-10 
11-0ct-10 
11-0ct-10 
11-0ct-10 
11-0ct-10 
Latitude 
("N) 
42.72243 
42.72205 
42.72175 
42.72097 
42.72148 
42.72188 
42.72187 
42.72122 
42.72073 
42.72070 
42.72118 
42.72174 
42. 73775 
42.73772 
42.73780 
42.73775 
42 .73789 
42.73783 
42 .73909 
42.73965 
42.73986 
42.73988 
42.73972 
42.73927 
42.74033 
42.74053 
42.74112 
42.74105 
42.74042 
42.74022 
42. 74189 
42. 74156 
42. 74118 
42. 74090 
42. 74125 
42. 74175 
42.72241 
42.72210 
42.72176 
42.72092 
42.72142 
42.72185 
Longitude 
("W) 
-70.84745 
-70.84798 
-70.84852 
-70.84915 
-70.84718 
-70.84825 
-70.84718 
-70.84683 
-70.84677 
-70.84669 
-70.84674 
-70.84687 
-70.84892 
-70.84830 
-70.84752 
-70.84742 
-70.84789 
-70.84868 
-70.84904 
-70.84929 
-70.84982 
-70.84995 
-70.84943 
-70.84923 
-70.83775 
-70.83837 
-70.83843 
-70.83847 
-70.83832 
-70.83782 
-70.83302 
-70.83370 
-70.83908 
-70.83404 
-70.83414 
-70.83334 
-70.84748 
-70.84798 
-70.84880 
-70.84924 
-70.84855 
-70.84818 
Elevation 
rei to 
NAVD88 
(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
Elevation 
ref to MSL 
(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
Elevation 
ref to 
MHW(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
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Compaction 
(em) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
Core Type 
Dote 
Extracted 
Latitude 
("N) 
Rowley, Massachusetts (NSF LENS Project continued) 
SW-L45 
SW-L50 
SW-L56 
SW-L71 
SW-L77 
SW-L80 
WE-R01 
WE-R05 
WE-R11 
WE-R23 
WE-R27 
WE-R32 
WE-L35 
WE-L40 
WE-L45 
WE-L63 
WE-L68 
WE-L72 
CL-R13 
CL-R18 
CL-R24 
CL-R30 
CL-R36 
CL-R40 
NE-L01 
NE-L13 
NE-L23 
NE-L29 
NE-L38 
NE-L50 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
auger 
* N.A. = not available 
11-0ct-10 42.72180 
11-0ct-10 42 .72123 
11-0ct-10 42.72070 
11-0ct-10 42.72078 
11-0ct-10 42.72111 
11-0ct-10 42.72159 
10-0ct-10 42 .73771 
10-0ct-10 42.73772 
10-0ct-10 42.73780 
10-0ct-10 42.73774 
10-0ct-10 42.73790 
10-0ct-10 42 .73785 
10-0ct-10 42.73911 
10-0ct-10 42.73968 
10-0ct-10 42.73980 
10-0ct-10 42.73986 
10-0ct-10 42.73970 
10-0ct-10 42.73925 
10-0ct -10 42 .7 4033 
10-0ct-10 42.74059 
10-0ct-10 42.74110 
10-0ct-10 42 .74087 
10-0ct-10 42.74042 
10-0ct-10 42.74022 
13-0ct-10 42.74192 
13-0ct-10 42 .74157 
13-0ct-10 42.74114 
13-0ct-10 42.74090 
13-0ct-10 42.74121 
13-0ct-10 42.74173 
Longitude 
("W) 
-70.84719 
-70.84689 
-70.84679 
-70.84672 
-70.84675 
-70.84666 
-70.84892 
-70.84830 
-70.84753 
-70.84740 
-70.84794 
-70.84868 
-70.84897 
-70.84918 
-70.84985 
-70.84995 
-70.84940 
-70.84927 
-70.83779 
-70.83839 
-70.83840 
-70.83864 
-70.83830 
-70.83784 
-70.83298 
-70.83368 
-70.83408 
-70.83392 
-70.83414 
-70.83332 
Elevation 
rei to 
NAVDBB 
(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
Elevation 
rei to MSL 
(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
Elevation 
rei to 
MHW(m) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
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Compaction 
(em) 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
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I SANTEE RIVER DELTA, SOUTH CAROLINA 
(Labeled SRD- or SD-) 
SRD-1 
Date Sampled: 7/9/07 
Date Described: 917/07 
Core Type: Vibracore 
Depth from Surface (em) 
35.5-68 
68-151 
15 1 -209 
209-319 
319-322 
322-344 
SRD-2 
Date Sampled: 7110/07 
Date Described: 9/6/07 
Core Type: Vibracore 
Depth from Surface (em) 
20-27 
27-134 
134- 140 
140-397 
Description 
·Medium grey mud with heavy S. altemiflora roots 
decreasing with depth. 
Dusky brown to medium grey organic rich with little to no 
roots at bottom. Shells starting at 13 5 em. 
Medium grey mud with shells. 
Medium grey silty mud with shells. 
Medium grey fine sand. 
Medium grey silty mud with shells. 
Description 
Medium grey dusky brown mud with fibrous S. alterniflora 
roots. 
Medium grey mud with S. altemiflora roots decreasing 
with depth. 
Medium grey sand and shells, possible storm layer. 
Medium grey mud with shells throughout. Storm deposit of 
medium sand and shells. 
SRD-3 
Date Sampled: 7110/07 
Date Described: 9/6/07 
Core Type: Vibracore 
Depth from Surface (em) 
0-10 
10- 115 
115- 153 
153- 185 
185-381 
381-382 
SRD-4 
Date Sampled: 7111107 
Date Described: 9/6/07 
Core Type: Vibracore 
Depth from Surface (em) 
18-26 
26- 120 
120-176 
176-235 
235-380 
SRD-5 
Date Sampled: 7/11107 
Date Described: 9/5/07 
Core Type: Vibracore 
Depth from Surface (em) 
0- 11.6 
11.6-65 
65- 173 
Description 
Medium grey mud with S. alterniflora roots decreasing 
with depth. 
112 
Medium grey mud with some visible S. alterniflora roots 
and shells. 
Medium grey silty mud with shells. 
Medium grey mud with shells. 
Medium brown mud with S. alterniflora roots peaking out 
of base. 
Description 
Medium grey to dusky brown mud with fibrous S. 
alterniflora roots. 
Medium grey organic rich mud with some S. alterniflora 
roots. 
Medium grey mud grading into shells. 
Medium grey mud with shells. 
Medium grey mud with shells highly compacted, by 303 
little to no shells. 
Description 
Dusky brown to dark grey mud, lots of S. alterniflora roots. 
Medium grey mud with fewer S. alterniflora roots. 
darker grey organic rich mud with decreasing S. alterniflora 
root content. 
173-391. 8 
SRD-6 
Date Sampled: 7111107 
Date Described: 9/7/07 
Core Type: Vibracore 
Depth from Surface (em) 
20-27 
76- 156 
156-202 
202-356 
356-367 
SRD-7 
Date Sampled: 7111107 
Date Described: 9/6/07 
Core Type: Vibracore 
Depth from Surface (em) 
0-22 
22 -60 
60-135 
135- 190 
190-214 
214-390 
Dark grey mud with no roots but shells throughout. 
Description 
Medium grey mud with S. alterniflora roots. 
Medium grey to dusky brown organic rich mud with S. 
alterniflora roots. 
Medium grey mud with large shells throughout, sharp 
contrast with next layer. 
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Medium grey mud with a few S. alterniflora roots with in 
sharp contract. 
Medium grey mud with oyster shells. 
Description 
Medium grey mud with sparce S.alterniflora roots 
Dark grey dusky brown organic rich mud. S. altemiflora 
root concentration decreasing with depth. 
Medium grey mud with few visible S. altemiflora roots. 
Medium grey silty mud. 
Medium grey mud with sporadic shells throughout and 
organic rich nodules at 244, 249, 252, and 268. 
II ROWLEY, MASSACHUSETTS 
R-1 
Date Sampled: 10/25/2008 
Date Described: 10/30/2008 
Core Type: Vibracore 
Depth from Surface (em) Description 
0 -5 
5- 38 
38- 39.5 
39.5-53 
53-57 
57-72 
72-84 
84-109 
109- 114 
R-2 
114-131 
131-147 
147-172.5 
172.5- 177.5 
177.5- 182 
182- 188 
Date Sampled: 10/25/2008 
Date Described: 10/30/2008 
Core Type: Vibracore 
Depth from Surface (em) 
0-9 
9 - 30 
30-53 
53-67 
67-87 
87- 157 
Very dark brown organic rich mud with heavy S. 
alterniflora and S. patens roots. 
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Brown organic rich mud with heavy S. alterniflora and S. 
patens roots. 
Dark brown organic rich much with fewer S. alterniflora 
and S. patens roots. 
Brown organic rich mud with S. alterniflora and S. patens 
roots. 
Light grey brown mud with heavy S. patens roots. 
Grey brown organic rich mud with S. alterniflora and S. 
patens roots. 
Orange brown mud with S. patens roots. 
Brown mud with fewer S. patens roots. 
Very dark brown mud with S. patens roots, possible 
organic layer. 
Orange brown mud with S. patens roots. 
Dark orange brown mud with mostly S. patens roots and 
possible dark mottles. 
Light orange brown organic rich mud with S. patens and 
some S. alterniflora roots. 
Very dark brown mud with S. patens roots. 
Light grey brown mud/clay, almost no roots. 
Orange brown organic rich mud with S. patens and S. 
alterniflora roots. 
Description 
Brown organic rich mud with heavy S. altemiflora and S. 
patens roots. 
Dark brown mud with heavy S. alterniflora roots. 
Light brown organic rich mud with moreS. patens than S. 
altemiflora. 
Brown grey organic rich mud with fewer S. alterniflora and 
S. patens roots. 
Dark grey organic rich much with more S. alterniflora than 
S. patens roots. 
Grey spongy mud with no roots. 
157- 166 
166- 169 
169-177 
177-204 
204-213 
213-216 
R-3 
Date Sampled: 10/25/2008 
Date Described: 10/30/2008 
Core Type: Vibracore 
Depth from Surface (em) 
0-5 
5-15 
15-23 
23-33 
33-42.5 
42. 5-42.75 
42.75-56 
56-69.5 
69.5-93 
93-94 
94-117 
117-118 
118- 124 
124-124.25 
124.25- 140 
140- 156 
156- 158 
158- 181.5 
181.5- 185 
185- 198 
198-214.5 
214.5-216 
216-227 
227-228.5 
115 
Dark orange brown organic rich mud with S. alterniflora 
and S. patens roots. 
Light grey mud with no vegetation. 
Dark orange brown organic rich mud with S. alterniflora 
and S. patens roots. 
Grey brown mud with S. altemiflora roots, almost no roots. 
D. orange brown mud with S. alterniflora roots. 
Grey mud, almost all clay with little S. alterniflora roots. 
Description 
Dark grey mud with S. altemiflora roots 
Brown organic rich mud with S. altemiflora 
Light brown mud with S. patens roots. 
Dark grey mud with thicker S. alterniflora roots. 
Light grey to grey mud with S. alterniflora roots. 
Very dark grey organic layer. 
Brown mud with S. patens roots. 
Brown mud with fibrous S. patens roots. 
Dark brown mud with fibrous S. patens roots. 
Very dark grey organic layer. 
Brown to orange brown mud with S. patens roots. 
Very dark grey organic layer. 
Dark brown organic rich mud with S. patens and S. 
alterniflora roots. 
Very dark grey organic layer. 
Dark brown mud with S. alterniflora 
Brown organic rich mud with S. altemiflora and S. patens 
roots. 
Light gray brown mud with little to no roots. 
Brown organic rich mud with S. alterniflora and S. patens 
roots. 
Light grey brown mud with S. patens roots. 
Light brown organic rich mud with S. altemiflora and S. 
patens roots. 
Light brown mud with S. patens roots. 
Very dark grey organic layer. 
Grey brown mud with very few S. patens roots. 
Very dark grey organic layer. 
R-4 
Date Sampled: 10/25/2008 
Date Described: 10/30/2008 
Core Type: Vibracore 
Depth from Surface (em) 
0-7 
7-53 
53- 112 
112- 182 
112- 182 
R-5 
Date Sampled: 10/04/2009 
Date Described: 10/10/2009 
Core Type: Vibracore 
Depth from Surface (em) 
0-30 
30-40 
40-48 
40- 100 
R-6 
108-116 
116- 129 
129- end 
Date Sampled: 10/4/09 
Date Described: 10/4/09 
Core Type: Auger 
Depth from Surface (em) 
0-44 
44-86 
116 
Description 
Brown organic rich mud with S. alterniflora and S. patens 
roots. 
Grey brown organic rich much with S. alterniflora and S. 
patens roots. 
Grey mud with no roots, possible pond bottom. 
Orange brown with mottles, organic rich mud with S. 
alterniflora and S. patens. Less vegetation than other cores. 
Grey mud layers at 115, 131, 137, 155, 158, and 160. · 
Description 
Dark brown organic rich mud with S. alterniflora roots. 
Dark brown loose squishy mud with fewer roots than 0 -
30cm. 
Clump of S. alterniflora roots. 
Lighter brown, more consolidated clay with no roots. 
Brown woody area at 53, 64, 80, and 90 em. 
Light brown mud with shell fragments. 
Lighter brown consolidated clay. 
Brown consolidated with S. alterniflora roots. 
Description 
Dusky brown organic rich mud with lots of S. patens roots. 
Brownish grey organic rich mud with lots of S. alterniflora 
roots. 
R-6 
Date Sampled: 1 0/04/2009 
Date Described: 1 0/10/2009 
Core Type: Vibracore 
Depth from Surface (em) 
0-16 
16-54 
54-77 
77-115 
115-188 
188-238 
R-7 
Date Sampled: 10/4/09 
Date Described: 10/4/09 
Core Type: Auger 
Depth from Surface (em) 
0-66 
0-56 
56-61 
61 -160 
160-172 
172-200 
200-236 
236-270 
R-8 
Date Sampled: 4/26/10 
Date Described: 4/26/10 
Core Type: Auger 
Depth from Surface (em) 
0-6 
6-41 
41-71 
71-77 
Description 
Medium brown mud with S. patens roots 
Light medium brown mud with S. alterniflora roots 
Light medium brown mud with considerably less S. 
altemiflora roots 
Dark brown with S. alterniflora roots. 
Lighter dark brown with minimal S. alterniflora roots 
Grey with orange woody fragment at 228 em. Mottled 
darker area at 233 em. 
Description 
Brownish grey mud with S. altemiflora roots. 
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Brownish grey organic rich mud with S. alterniflora roots. 
Medium grey clay with no roots. 
Brownish grey organic rich mud with S. patens roots. 
Medium grey clay with few roots. 
Brownish grey organic rich mud with S. patens roots. 
Brownish grey organic rich mud with S. alterniflora roots. 
Brownish grey organic rich mud with S. patens roots. 
Description 
Dusky brown organic rich mud with S. patens roots. 
Dusky brown organic rich mud with S. alterniflora and S. 
patens roots. 
Brownish grey silt with S. alterniflora roots 
Brownish grey mud with S. alterniflora roots 
77-82 
82- 129.5 
129.5- 132 
132- 162 
162-241 
241-262 
262 - 277 
R-9 
Date Sampled: 4/26/10 
Date Described: 4/26/10 
Core Type: Auger 
Depth from Surface (em) 
0-35 
35- 162 
148- 150 
162-202 
R-10 
Date Sampled: 4/2611 0 
Date Described: 4/2611 0 
Core Type: Auger 
Depth from Surface (em) 
0-37 
37-47 
47-53 
53-75 
75-85 
86-97 
97-100 
100- 108 
108- 121 
121- 163 
163-177 
R-11 
Date Sampled: 4/2611 0 
Date Described: 4/26/10 
Brownish grey silty mud with S. altemiflora roots. 
Brownish grey mud with S. altemiflora roots 
Grey fine sand layer. 
Brownish grey mud with S. altemiflora roots. 
Brownish grey mud with few S. altemiflora roots. 
Brownish grey mud with no roots. 
Brownish grey fine silty sand. 
Description 
Dusky brown organic rich mud with S. patens roots. 
Brownish grey mud with S. altemiflora roots. 
Sand storm layer. 
Brownish grey mud with some roots at the top 1 0 em. 
Description 
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Dusky brown organic rich mud with S. altemiflora roots. 
Dusky brown silty mud with S. altemiflora roots. 
Dusky brown fme sand with S. altemiflora roots. 
Dusky brown organic rich mud with S. altemiflora roots. 
Dusky brown fme sand with S. altemiflora roots. 
Dusky brown organic matter with S. altemiflora roots. End 
of8 em core. 
Dusky brown organic rich mud with S. altemiflora roots. 
Brownish grey fine sand, possible storm layer. 
Dusty brown silty mud with S. altemiflora roots. 
Brownish grey organic rich mud with S. altemiflora roots. 
Grey silty mud layer. 
Core Type: Auger 
Depth from Surface (em) 
0- 109.5 
109.5- 163 
163-175 
R-12 
Date Sampled: 4/28/10 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-10 
10-11 
11 -79 
79-82 
82-145 
145-255 
255-252 
R-13 
Date Sampled: 4/28110 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0 - 6 
6-7 
7-92 
92- 159 
159 - 196 
R-14 
Date Sampled: 4/26/10 
Date Described: 4/26/10 
Core Type: Auger 
Depth from Surface (em) 
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Description 
Dusky brown organic rich mud, with S. altemiflora roots. 
Brownish gray fme sand with S. alterniflora roots. 
Medium grey fme sand with no roots. 
Description 
Red brown organic rich mud with S. patens roots. 
Black horizon with S. paten roots. 
Red brown organic rich mud with mostly S. patens and 
some S. alterniflora roots. 
Medium grey silty mud with no roots. 
Brownish grey organic rich mud with S. altemiflora roots. 
Medium grey mud with no roots 
Shells 
Description 
Red brown organic rich mud with thick S. patens roots. 
Black horizon with S. patens roots. 
Red brown organic rich mud with mostly S. patens and 
someS. alterniflora roots. 
Brownish grey organic rich mud with S. alterniflora roots. 
Brownish grey mud with no roots. 
Description 
0-103 
103-117 
117-148 
148- 198 
R-15 
Date Sampled: 4/26/1 0 
Date Described: 4/26/10 
Core Type: Auger 
Depth from Surface (em) 
0-37.5 
37.4-39 
39- 108 
108- 136.5 
136.5-168 
168- 186 
R-16 
Date Sampled: 4/28/10 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-6 
6-45 
45-57 
57-92 
92-99 
99- 123 
123-203 
131-199 
R-17 
Date Sampled: 4/28/10 
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Dusky brown soupy organic rich mud with S. alterniflora 
roots. 
Brownish grey organic rich mud with fewer S. alterniflora 
roots. 
Brownish grey silty mud with few roots. 
Brownish grey fine sand with few roots. 
Description 
Dusky brown organic rich mud with S. alterniflora roots. 
Brownish grey fine sand, possible storm layer. 
Dusky brown organic rich mud with S. alterniflora roots. 
Dusky brown silty mud with S. alterniflora roots 
decreasing. 
Brownish grey organic matter with few S. alterniflora. 
Brownish grey silty mud with no roots. 
Description 
Red brown organic rich mud with S. patens roots. 
Red brown organic rich mud with S. alterniflora and S. 
patens roots. 
Brownish grey silty mud with more coarse material at the 
base. Possible pool or splat. 
Dusky brown organic rich mud with S. patens roots. 
Brownish grey silty mud, possible pool or splat. 
Dusky brown organic rich mud with S. alterniflora roots. 
Dusky brown organic rich mud with S. alterniflora roots. 
Medium grey fine sand, layers at 140-142, 150-152, 175-
177, 186-188, and 197-199. 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-18 
18-49 
49-52 
52-53 
53-63 
63- 142 
142- 146 
146- 183 
183- 187 
187-241 
241-305 
R-18 
Date Sampled: 4/28/1 0 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-72 
72-101 
101- 158 
158- 180 
R-19 
Date Sampled: 4/28110 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-46 
46-89 
89-122 
122- 176 
Description 
Red brown organic rich mud with S. alterniflora and S. 
patens roots. 
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Dusky brown organic rich mud with S. altemiflora and S. 
patens roots. 
Brownish grey mud with no roots. 
Brownish grey silty mud. 
Brownish grey silty mud with S. patens roots. 
Red brown organic rich mud with S. patens roots. 
Medium grey fine sand, possible storm layer. 
Red brown organic rich mud with S. alterniflora roots. 
Medium grey fine sand, possible storm layer. 
Brownish grey mud with decreasing S. alterniflora roots 
decreasing with depth. 
Brownish grey silty mud with no roots. 
Description 
Dusky brown organic rich mud with S. alterniflora roots. 
Dusky brown organic rich mud, more soupy with S. 
alterniflora roots. 
Dusky brown organic rich mud with S. alterniflora roots 
decreasing. 
Dusky brown mud with no roots. 
Description 
Dusky brown organic rich mud with S. alterniflora roots 
that are very fibrous. 
Dusky brown organic rich silty mud. 
Dusky brown organic rich silty mud. 
Dusky brown organic rich with S. alterniflora roots 
decreasing. 
176-198 
R-20 
Date Sampled: 4/28/1 0 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0- 19.5 
19. 5-40 
40-74 
74-83 
R-21 
Date Sampled: 4/28/10 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-65 
R-22 
Date Sampled: 4/28/10 
Date Described: 4/28/10 
Core Type: Auger 
Depth from Surface (em) 
0-12 
12-49 
49-63 
RRP-1 
Date Sampled: 4/28110 
Date Described: 4/2811 0 
Core Type: Auger 
Depth from Surface (em) 
0-32 
122 
Dusky brown grey silty mud with no roots. 
Description 
Dark grey soupy mud with no roots. 
Organic rich mud with S. alterniflora roots. 
Brownish grey organic rich with S. alterniflora roots. 
Brownish grey organic rich mud with S. alterniflora roots 
(not soupy). 
Description 
Dusky brown organic rich mud with some fine silt, with S. 
altemiflora roots. 
Description 
Dusky brown organic rich mud with S. patens roots 
Organic rich mud with S. alterniflora roots. 
Dark soupy mud with decreasing roots. 
Description 
Brownish grey organic rich silty mud with S. alterniflora 
roots. 
32-56 
56-95 
RRP-2 
Date Sampled: 4/28/10 
Date Described: 4/28110 
Core Type: Auger 
Depth from Surface (em) 
0-39 
39-50 
50 - 66 
WE-A 
Date Sampled: 4/22/11 
Date Described: 4/22/11 
Core Type: Auger 
Depth from Surface (em) 
1-5 
1-83 
SW-A 
Date Sampled: 4/22/11 
Date Described: 4/22/11 
Core Type: Auger 
Depth from Surface (em) 
0-21 
40 
Brownish grey organic rich silty clay with less S. 
alterniflora root density. 
123 
Brownish grey organic rich mud with S. alterniflora roots. 
Description 
Brownish grey organic rich silty clay with S. alterniflora. 
Huge root mass at 4-8 em and soupy sediment at 32-35 em. 
Brownish grey silty clay with less roots, and more shells at 
base. Possible bottom of pool. 
Brownish grey organic rich silty mud. 
Description 
Dusky reddish brown peat large S. alterniflora roots. 
Brownish grey peat mostly S. patens and someS. 
alterniflora. 
Description 
Dusky brown peat with liveS. patens roots. 
Greyish brown, more sandy, less roots to base. 
III THOMPSON ISLAND, BOSTON HARBOR 
TI-l 
Date Sampled: 4/6/09 
Date Described: 4/6/09 
Core Type: Auger 
Depth from Surface (em) 
0 - 121 
121- 192 
192-204 
TI-l 
Date Sampled: 6/17/09 
Date Described: 6/17/09 
Core Type: Auger 
124 
Description 
Medium grey mud with S. alterniflora roots grading into 
121- 192. 
Light to medium brown organic rich peat with roots. 
Medium grey mud with roots. 
Notes: This core was done twice. 
Depth from Surface (em) 
0-119 
119-205 
252 
303 
TI-2 
Date Sampled: 8/18/09 
Date Described: 8/18/09 
Core Type: Vibracore 
Depth from Surface (em) 
4-17 
17-26 
26-37 
37-58 
58-58.5 
58.5-61 
61-63 
63-91 
91-92 
92-108 
108- 125 
125- 133 
133-323 
Description 
Medium grey mud with roots grading into 119-205. 
Medium brown peat. 
Peat. 
Peat. 
Description 
Dark grey mud with S. alterniflora roots. 
Medium grey clay with little to no roots. 
Brownish grey clay, not as dense. 
Dusty brown peat with S. patens roots. 
Brownish grey mud layer. 
dusty brown peat. 
brownish grey mud layer. 
Dusty brown peat with S. patens, possibleS. altemiflora. 
Brownish grey mud layer. 
Dusty brown peat grading into 108-125. 
Medium grey clay with some roots, and charcoal. 
Light grey clay with charcoal. 
Dusty brown peat with mud layers at 157.5- 158, 201-202, 
225-226, 227-228 and wood layers at 284-285, 295-296, 
and 297-298. 
323-341 
324-327 
333-336 
338-341 
TI-3 
Date Sampled: 8/13/09 
Date Described: 8/13/09 
Core Type: Auger 
Depth from Surface (em) 
0-37 
37-52 
52-69 
69-94 
94-101 
101- 168 
121- 122 
168- 188 
188-276 
212-213 
258-260 
275-370 
310-311 
344-366 
366 - 412 
412-446 
TI-3 
Date Sampled: 8/20/09 
Date Described: 8/20/09 
Core Type: Vibracore 
Depth from Surface (em) 
0-31 
31-41 
41-56 
56-57 
57-58 
58-69 
Darker brown basal peat with mud layers at 327-328, 
330.5-331 , 332.5-333, 335-336, 
S. alterniflora. 
S. alterniflora. 
S. alterniflora. 
Description 
Organic rich mud. 
Organic rich mud, no roots. 
Dark grey organic rich mud with shells and roots. 
Organic rich mud with roots. 
Dusky brown orange peat. 
Dusky brown orange. 
Medium grey mud layer. 
Mud with non organic roots. 
Peat. 
Light grey mud. 
Light grey mud. 
peat. 
Storm layer 
Db peat 
Dark grey clay and roots 
Black clay 
Description 
125 
Medium grey organic rich mud with S. altemiflora roots. 
Medium grey organic rich mud with fewer S. alterniflora 
roots. 
Brownish grey mud with charcoal. 
Dusty brown mud with charcoal and few roots. 
Brownish grey mud with charcoal. 
Dusty brown mud with charcoal and few roots. 
69-75 
75-99 
99- 146 
146- 166 
166- 178 
178-181 
181 - 182 
182-185 
185-208 
208-210 
210-227 
261-283 
283-299 
299-308 
308-346 
346-374 
TI-4 
Date Sampled: 8/13/09 
Date Described: 8/13/09 
Core Type: Auger 
Depth from Surface (em) 
0-16 
16-62 
62-83 
83-94 
94-98 
TI-S 
Date Sampled: 8113/09 
Date Described: 8/13/09 
Core Type: Auger 
Depth from Surface (em) 
0-30 
0-11 
11-48 
48-96 
Brownish grey mud with charcoal. 
Dusty brown peat with S. patens. 
Dusty brown peat with S. alterniflora. 
Brownish grey mud with charcoal 
Dusty brown peat with S. alterniflora with charcoal. 
Medium grey mud layer 
Dusty brown peat with S. alterniflora. 
126 
Medium grey mud layer decreasing organic content with 
depth 
Dusty brown peat with S. alterniflora. 
Medium grey mud layer decreasing organic content with 
depth 
Brownish grey mud with S. altemiflora roots. 
Interbedded mud and peat layer. 
Dusty brown peat with mud layer at 296 - 297 
Dark brown peat with pebbles grading into 308 - 346, basal 
peat. 
Brownish grey muddy fine sand 
Boston blue clay 
Description 
Dusky brown organic rich mud. 
Medium grey organic rich muc. 
Medium grey organic rich soupy mud. 
Medium grey organic rich mud (more organic than above). 
Yellow clay 
Description 
Organic and charcoal layer. 
Dusky brown. 
Darker medium grey basal peat. 
Organic rich mud. 
48-67 
TI-6 
Date Sampled: 9/13/09 
Date Described: 10/15/09 
Core Type: Vibracore 
Depth from Surface (em) 
0-48 
48-66 
64-66 
66-73 
73-77 
77-197 
197-246 
246-314 
TI-7 
Date Sampled: 9/13/09 
Date Described: 9/13/09 
Core Type: Auger 
Depth from Surface (em) 
0-17 
17-36 
36-44 
44-69 
69-97 
TI-8 
Date Sampled: 7/7/10 
Date Described: 7/7/10 
Core Type: Auger 
Depth from Surface (em) 
127 
Mud dominated with sand/coarse grains, and pebbles. 
Description 
Dark medium brown clay with lots of S. alterniflora roots 
grading into 48 - 66. 
Brown grey mud with less roots. 
Brownish black storm layer with coarse grains (sand to 
pebbles). 
Brownish grey clay with no roots. 
Coarse pebbles 
Medium grey mud with some roots, mixed S. alterniflora 
and S. patens. Higher root content from 110- 134 and 
brownish grey mud at 185- 188. 
Medium grey mud with little roots sharp contact with 246 -
314. 
Very dark brownish peat with small-scale mud lamination 
from 246 - 249. 
Description 
Medium grey mud with roots, grading into 17-36. 
Grey mud with some fine sand. 
Coarse layers. Much of sample fell out upon extraction. 
Darker grey mud with sand. 
Dark gray clay. 
Description 
0-52 
52-78 
78-86 
86- 101 
101-131 
145- 146.5 
157-250 
250-255 
255-267 
267-275 
275-286 
TI-9 
Date Sampled: 9/811 0 
Date Described: 9/13/10 
Core Type: Vibracore 
Depth from Surface (em) 
0-4 
4-60 
60-204 
204-207 
207-224 
224-228 
228-292 
292-320 
320-423 
TI-10 
Date Sampled: 9/8/10 
Date Described: 9115/10 
Core Type: Vibracore 
128 
Brownish grey organic rich mud with S. alterniflora roots 
grading into 52 - 78. 
Dark brown redder mud with S. patens roots. 
Brown red mud, coffee grounds. 
Medium grey organic rich mud with no roots. 
Medium grey organic rich mud. 
Rood and wood debris. 
Brownish red mud with S. patens roots. 
Dense woody layer. 
Reddish brown mud with S. patents roots and wood 
fragments. 
Very dense woody fragments. 
Sharp contact with grey sandy clay. 
Description 
Dark grey silty clay with some fine sand. 
Light grey clay with black particles 
Medium grey clay with shell fragments and lagoonal 
deposits. 
Medium grey fine sand with pebbles and shell fragments, 
possible storm layer. 
Medium grey clay with shell fragments and snails. 
Medium grey fme sand with pebbles and bivalve shells, 
possible storm layer. 
Medium grey clay with shell fragments and lagoonal shell 
layers grading into 292-320. 
Medium grey clay with shells and some organic content 
(woof fragments at 314- 320). 
Dusky brown peat and mud layers throughout and 
especially at 324.5-326, 351-352, and 396-398. 
Depth from Surface (em) 
0-29 
29-39 
39-43 
43-47 
47-54 
54- 193 
193-216 
216-236 
235-256 
TI-ll 
Date Sampled: 9/8/10 
Date Described: 9/15/10 
Core Type: Vibracore 
129 
Description 
Brownish grey organic rich mud with S. alterniflora roots. 
Brownish grey muddy sand with angular pebbles, possible 
glacial deposit. 
Dark black organic muddy coarse sand with pebbles and 
roots. 
Brownish grey muddy coarse sand with angular pebbles, 
possible glacial deposit. 
Dark brown clay layer, no sand or roots. 
Brownish grey muddy coarse sand with some cobbles (up 
to 8cm in width), no gradation. Some shells 161- 193, no 
fining upward sequences. 
Light brown clay sand with some·pebbles (mostly 
consolidated clay). 
Brownish grey muddy coarse sand with angular pebbles. 
Brownish grey organic rich mud. 
Notes: This core has lots of compaction ( ~ 11 Ocm) 
Depth from Surface (em) 
0-4 
4-26 
10- 102 
Description 
Dusky brown organic rich mud with S. alterniflora roots. 
Dark brown black muddy coarse sand with S. alterniflora 
roots and pebbles. 
Reddish brown muddy coarse sand with pebbles and no 
roots. 
IV PEDDOCKS ISLAND, BOSTON HARBOR 
PDI-1 
Date Sampled: 4/7110 
Date Described: 4/7/10 
Core Type: Auger 
Depth from Surface (em) 
0-38 
38-42 
Description 
Dusky brown organic rich mud with rhizomes. 
Brownish grey sand layer with rooting 
42-73 
73-85 
85- 100.5 
100.5-126 
126-170 
170-200 
200-221 
222-228 
228-234 
215-220 
Dusky brown organic rich mudS. paten rhizomes. 
Grey sand and gravel. 
Dark brown organic mud and S. patens rhizomes. 
130 
Dark brown organic mud and S. patens rhizomes and wood 
fragment. 
Brownish grey clay with fewer roots and some gravel. 
Brownish grey clay with mottled organic rich mud. Lots of 
shell and wood fragments. 
Dark brown peat with fme rhizomes and a large wood 
chunk at 218-220. 
Blue grey clay and gravel with pebbles. 
Blue grey clay and some fme sand. 
Basal peat with wood. 
V CALF ISLAND, BOSTON HARBOR 
CI-1 
Date Sampled: 8/20/09 
Date Described: 8/20/09 
Core Type: Auger 
Depth from Surface (em) 
0-53 
53-55 
55-90 
CI-2 
Date Sampled: 8/20/09 
Date Described: 8/20/09 
Core Type: Auger 
Depth from Surface (em) 
0-17 
17-29 
29 - 84 
84-92 
92- 155 
155- 160 
160- 168 
168-183 
183- 192 
Description 
Dark brown peat, sedge. 
Medium grey sand, storm layer. 
Dark brown sand with peat, roots, and pebbles. 
Description 
Dark brown peat. 
Dusky brown peat. 
Dark brown peat. 
Medium brown grey sand. 
Dark brown peat. 
Medium grey sand to fine gravel. 
Dark grey fme sand. 
Medium brown fine sand. 
Muddyn fme sand. 
CI-3 
Date Sampled: 8/20/09 
Date Described: 8/20/09 
Core Type: Auger 
Depth from Surface (em) 
5 - 94 
94-148 
148-174 
174 
CI-4 
Date Sampled: 9/15/09 
Date Described: 9/15/09 
Core Type: Auger 
Depth from Surface (em) 
0-39 
37.5-39 
39-80 
0-37 
37-39 
39-47 
43.5-45.5 
47.5-79 
79-124.5 
>124.5 
CI-5 
Date Sampled: 9/15/09 
Date Described: 9/15/09 
Core Type: Auger 
Depth from Surface (em) 
0-53 
53-57 
57-71 
77-93 
93-104 
104- 115 
115-151 
Description 
Dark brown peat, sedge? 
Dark brown peat. 
Dark brown organic mud with less fibrous roots. 
Rock 
Description 
Dark brown peat with roots. 
Very dark brown black sequence. 
131 
Medium light grey sand, no larger rocks with iron oxide. 
Dark brown black peat with roots. 
Black very dark (freshwater?) peat. 
Storm layer. 
Very coarse. 
Dusky brown sand with roots (saltwater). 
Brownish grey find sand clay. 
Bedrock. 
Description 
Dark brown peat. 
Darker brown black peat. 
Dark brown peat with fewer roots. 
Darker brown black peat. 
Dark brown black soupy layer. 
Dark brown black soupy layer. 
Dark brown peat, soupy at 134- 135, and 141- 142. 
151-241 
241 
CI-6 
Date Sampled: 9/15/09 
Date Described: 9/15/09 
Core Type: Auger 
Depth from Surface (em) 
0-96 
96- 103 
103- 110 
110-139 
139 
Dark brown coarse medium sand with decreasing root 
content. 
Rock 
Description 
132 
Dark brown peat with black layers at 69-67 and 75 -78, 
heavy roots 0 - 30. 
Brownish grey fine sand. 
Medium grey medium sand. 
Medium grey coarse sand. 
Rock. 
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APPENDIXD 
BULK DENSITY AND BULK ORGANIC CONTENT 
Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Content (g/cm 3 ) {%} (g/cm 3 ) {%} 
I. SANTEE RIVER DELTA, SOUTH CAROLINA 
CORE: SRD -1 CORE: SRD- 2 
0 0.33 19 .7 0 0.33 20.6 
10 0.43 18.6 10 0.24 20.8 
20 0.49 25.1 20 0.46 18.0 
30 0.46 20.7 20 0.66 9 .5 
40 0 .40 21.2 30 0.67 9.3 
so 0.39 17 .7 40 0 .60 10.6 
60 0.62 14.6 50 0.65 10.4 
70 0.49 14.5 60 0 .57 11.2 
80 0.43 16.9 70 0 .61 10 .9 
90 0.50 10.8 80 0.55 8.6 
100 n.d. n.d. 90 0.62 9.4 
110 n.d. n.d. 100 0 .48 10 .2 
120 n.d. n.d . 110 0.70 9.2 
130 n.d. n.d. 120 0 .72 9.0 
140 0.49 11.8 130 0 .80 8.0 
150 0.41 11.3 140 0 .59 9.4 
160 0.51 11.1 150 0 .76 9.0 
170 0 .61 12 .1 160 0 .61 10.5 
180 0.70 10.3 170 0.69 13.5 
190 0.55 12.6 180 0.49 16.4 
200 0.58 11.5 190 0 .67 15.4 
220 0.74 9 .2 200 1.00 8.6 
240 0.77 8.3 220 0.57 12.0 
260 0.77 8.7 240 0.60 11.6 
280 0 .68 10.3 260 0.71 11.0 
300 0 .68 9.7 280 0.64 12.2 
320 1.00 5.3 300 0.77 11.3 
340 0.82 8.7 320 0.64 12.3 
340 0 .68 10.7 
360 0.74 9.1 
380 0 .69 10.4 
CORE: SRD - 3 CORE: SRD -4 
0 0 .33 19.4 0 0 .39 17.6 
10 0.31 21.6 10 0 .26 23 .2 
20 0.39 19.4 20 0.24 38.1 
30 0.41 17.6 30 0.42 27.4 
10 0.44 16.3 20 0.47 15.4 
20 0.47 17.6 30 0.71 13.0 
30 0.49 16.1 40 0.41 25.4 
40 0.60 12.5 so 0 .51 14.0 
so 0 .62 13 .1 60 0 .63 12.6 
60 0.48 15.6 70 0.54 14.8 
70 0.55 13.9 80 0.58 13.7 
80 0.62 14.8 90 0 .74 10.3 
90 0.52 14.3 100 0.50 14.3 
100 0.58 11.3 110 0 .58 13.0 
Depth (em) 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
CORE: 
0 
10 
20 
30 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
CORE: 
0 
10 
20 
30 
Bulk Density 
(g/cm 3 ) 
SRD- 5 
SRD-7 
0.64 
0.64 
0.55 
0.60 
0.66 
0.60 
0.69 
0.74 
0.76 
0.65 
0.66 
0.69 
0.98 
0 .66 
0.77 
0.73 
0.64 
0.78 
0 .69 
0.24 
0.46 
0.62 
0 .59 
0.34 
0.50 
0.46 
0.34 
0.30 
0.33 
0.56 
0.38 
0.44 
0.49 
0.45 
0.43 
0.40 
0.48 
0.48 
0.57 
0.59 
0.59 
0 .84 
0.92 
0.84 
0 .73 
0.59 
0.57 
0 .56 
0.50 
0 .52 
0.83 
0.22 
0.45 
0.49 
0 .52 
Organic Content 
(%) 
35.0 
13.3 
14.9 
3.1 
14.4 
32.0 
13.1 
11.4 
12.8 
13.0 
13 .0 
12.1 
8.0 
9 .8 
8.6 
8.4 
11 .2 
8.2 
9.0 
33.0 
23.0 
17.8 
17.0 
16.2 
16.5 
16.5 
20.3 
21.7 
21.9 
12.0 
17.9 
15.1 
14.0 
16.2 
14.6 
18.5 
14.9 
14.0 
12.6 
10.3 
10.1 
6.4 
6.3 
7.7 
10.0 
10.4 
11.1 
11.2 
11.1 
12.9 
7.1 
34.5 
19.2 
19.2 
18.9 
Depth (em) 
CORE: 
120 
130 
140 
150 
160 
170 
180 
190 
200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
0 
10 
20 
30 
40 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
220 
240 
260 
280 
300 
320 
340 
360 
CORE: 
1 
3 
6.5 
8.5 
Bulk Density 
(g/cm 3 ) 
SRD- 6 
SD-24 
0 .54 
0.58 
0.59 
0.52 
0.58 
0.57 
0 .52 
1.00 
1.16 
0.65 
0.71 
0.62 
0.59 
0.65 
0.64 
0.58 
0.61 
0.56 
0 .22 
0.51 
0.43 
0.42 
0 .35 
0 .60 
0.40 
0.51 
0.46 
0.40 
0.47 
0.47 
0.50 
0 .53 
0 .33 
0.42 
0.49 
0.29 
0.43 
0.26 
0.44 
0.51 
0.53 
0.59 
0.59 
0.62 
0 .67 
0.43 
0.55 
0.61 
0.60 
1.00 
0.04 
0.05 
0.11 
0.08 
Organic Content 
(%) 
13.3 
13.6 
13.4 
14.7 
13.1 
11.4 
11.8 
7.2 
7.3 
10.3 
10.8 
10.9 
11.0 
12.3 
11.5 
12.8 
12.7 
12.8 
23.2 
20.3 
19.3 
17.7 
19.9 
17.7 
21.6 
17.4 
16.7 
16.6 
17.8 
17.6 
15.8 
14.6 
14.8 
14.4 
15.0 
11.6 
11.3 
10.0 
13.7 
12.9 
13.6 
12.0 
12.8 
10.9 
11.6 
12 .1 
11.3 
9 .9 
10.2 
7 .7 
19.1 
21.0 
20.9 
24.4 
141 
142 
Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Can tent (g/ cm 3 ) (%) (g/ cm 3 ) (%} 
30 0.50 15.6 11.5 0 .11 21.6 
40 0 .51 17.4 13.5 0 .09 22.7 
50 0.40 21.6 16.5 0.08 22.1 
60 0.63 13 .7 17.5 0.09 22.4 
70 0.63 15 .3 21 0.09 21.6 
80 0.61 13.7 23.5 0.07 18.9 
90 0 .45 13.6 26.5 0 .12 12.6 
100 0.60 16.1 28.5 0 .07 21.4 
110 0 .47 17.3 31 0 .09 20.5 
120 0 .61 14.0 33 0 .08 20 .5 
130 0 .65 14.6 36 0 .09 20 .4 
140 0.59 15.5 38.5 0.06 20.2 
150 0.63 14.7 41 0.11 18.1 
160 0.56 14.4 43 0.11 16.4 
170 0.59 11.5 46 0 .10 15.8 
180 0.66 11.2 48.5 0.08 17.9 
190 0.71 8.7 51 0.11 18.5 
200 0.87 9.4 53 0.09 17.5 
220 0.91 6.8 56 0.10 18.2 
240 0 .90 8.0 58.5 0 .09 18.3 
260 0.71 11.4 61 0 .09 18.0 
280 0.76 10.7 63.5 0 .07 17.7 
300 0.76 10.1 66 0 .11 18.0 
320 0.55 13.8 68.5 0.07 18.6 
340 0 .61 12.9 
360 0 .73 7.2 
380 0 .93 6.0 
CORE: SO- 25 
1 0.10 21.7 
3 0 .09 21.3 
6.5 0 .09 20.7 
8.5 0.13 20.7 
11.5 0 .10 20.1 
13.5 0.06 26.3 
16.5 0 .10 21.3 
17.5 0.07 21.3 
21 0.11 20 .8 
23.5 0 .11 19.7 
26.5 0 .13 22.8 
28.5 0 .09 n.d . 
31 0.09 n.d . 
33 0.12 n.d . 
36 0 .11 17.8 
38.5 0 .08 19.3 
41 0 .14 18.7 
43 0 .09 19 .0 
46 0 .10 18.2 
48.5 0.09 19.3 
51 0 .11 18.2 
53 0.08 18.4 
56 0.13 18.3 
58.5 0.08 18.0 
61 0.12 18.7 
63.5 0 .07 18.3 
66 0.08 18.4 
68.5 0.08 18.8 
Creek Head Samples 
MARSH 
'""' 
S0-!2 S0-!6 50<0 
"'" 
--
i'agWt &Ao.n.'ly MO., Ell 
"" 
sa. .. i'agWt &Ao.n.'ly &60., Ell 
"" 
Bi:mm i'agWt Mo.n.'ly BU!\0., Ell 
"' 
....... i'agWt Bui<Do>sly BUtO., Ell 
-
ra,Wt &ADo>sly "*0. Ell 
Qe!lh(an) WI~) ~I {O'anl) ~ (m~ Wl(g) (Vt (,on3) r. (m~ I\'! (OJ ~) !9""'1 
' 
jnl') Wt[g) ill D""~ ,. !'Vi .. "'•I 19) (i>mJ) • (mV) "" 
010 <16 67.97 0.1S 19.80 n.d. od. 9.13. 76.52 1).11 2253 ... od. 7.91 7U5 0. 16 2ii.39 -153 613 1182 80.71 0.19 24.36 .m 6.56 ... n.d. . . od. -437.00 6.65 
1020 _1,11 93.55 019 1729 .•. •• l'O 89.97 019 19..16 -292 6.60 611 96.96 11.21 17.92 .Jit 6."9 1.20 115.19· 0.2< 19.19 ·351 6}5 od. .... • • ... .moo 5.65 
lOll 621 95.32 0.20 20.56 ... ..• l .lO 13.80 0.16 1.26 .JIS 6.95 ).99 93.92 0.19 17.70 .JSI S.75 HS 9615 O.ltl 16:43 -358 &91 od. .... . . . . ..,_., U5 
,..., 
"' 
&5.42 018 1.92 
"'· 
od. 4..46 7!.62 0. 17 17.52 .rn 
"' " 
&5.~ 0.1S 16.87 c1i'!. 6.83 • "-" 0.1& 11.74 .J71 6".&5 n.d. od. •• · ~ .... . ., "' ~liL tl!! 
"" 
0.19 21.16 n.d. •• 12.13 "·"' 
0.17 9.85 -377 6.85 
'-" 
79.53 016 17.30 ·lD 7.00 t 8 .56 0.17 17.15 
""' 
Ul ... .. •• " 
...,_., 5.65 
""" 
.79 -i4.09 0.09 1.72 •• •• 2.5.1 82.U 017 "" 
.J76 7.09 2.16" 79.11 11.16" 1.32 ·lll'l 7.111 3.87 :9.56 0.13 18.04 .J!O 
"" "' 
... 
"' "'· ""'"' 
6.66 
DIEBACK 
--- ---
S0-9 
""' 
SO-Il S0-21 SIJ.ll 
S.r,s*. 8iomao i'agWI &Ao.n.'ly ""0. Eh .. Bimat i'agWI ""'"""" 
BultO., Eh 
"" 
"""'" 
.... WI 
""llmoltt 
""·"' 
EJj, 
-
i'agWI Bui<Do>sly M:O., e• a.m... i'agWt 
""""""' 
BIJkO., Eh 
Qe!lh(an} wt~) [g) ..,.,, 
' 
(m~ Wlig) [g} IP'I ~ (mV} Wll9) [il [g""'' So ;nl') pll WI I<) {g) ~an)) 
' 
!nV) pll Wt(g) (J) 
"""' 
~ (ml') .. 
010 631 49.75 011 21.73 ... •• 1.01 "-"' 0.10 26.19 1)1 5.61 5.56 "·" 
0.~ 2129 
"' 
4.66 >85 13.56 QOl 26.>5 234 ... 
"'· •• •• •• 
·ICO 
'-" 
1020 5.16 9U8 Ql9 11.96 od. . .. 3.74 79.03 0..16 1&.97 -227 ~" 4.51 79.51 0.17 I!JlO -129 
"" 
7.96 70.93 01& 18.11 ., .... •• •• . . •• ·363 7.~ 
20-30 5.65 62.11 Qll 19.07 n.d. od. 7.SO. 
"" 
0.19 11.112 -351 6 ... S.SJ 85.52 1'1.18 19.60 JlS t78 1.7Q n.35 D.lT 20.11 ·ll9 6 ... . .. rut. •• rul. ..:;jj' 6.96 
""" 
6.93 79.69 O.f7 20.l7 n.d. . ..
'-" 
73.61 0.16' 19.42. -368 .,, 410 79.51 (U7 19.73 .JS7 611 196 
"'-" 
0.19 !7.&.3 ... 5:86 •• 
,. 
•• n.6. 
""' 
6.65 
'""' 
&82 
"-" 
0.19 19.33 od. . . 1.07 92.97 O.ltl 15.95 .J69 7 ... 176 BO.Il 0.17 ,., .J69 ., ,, 15.97 0.1& 15.!8 
'"' 
U1 ... ., •• n.d: -416 6.65 
""" 
70 1629 0.16 16.9 ... •• 15.44 81.57 0.19 18.31 "" 
6.98 213 7.73 0.14 1801 16 6 ... ·~ "-" 0.07 16.30 ·J1l. '" ' . • •• , . . .. 
CREEl( HEAD 
S0-10 SD-!4 SO-t& SO-ll SQ.28 
s• Bio!wo i'agWI &Ao..!y lklkO., Eh pll liao"' i'agWl &Ao..ly &60., Ell 
-
mowt &Al<o..ly &6'0., Eh 
-
i'agWt llot<o..ly M:O., Eh 
-
i'agWI &e:IJmoltt MO., Eh 
Qe!lhlaoJ Wl(J) [g) ..,.,. % (m'lj Wt~j Iii} (><mJ) S. (mVi pll Wt ~j [gj ,....,. 
' 
!DI') pll Wt(gj ill !J'<m~ s 10\'J 
"' 
wt(g) (J) ..,.,~ ,. in VI pll 
010 3.63 71.36 Q\5 2227 
,_. 
M 2.17 45.05 0.09 18.56. 94 5.83 3.22 ~5.~ 0.10 21.2!1 52 6.48 S.IIS 83.82 0.14 20.07 .. ,gg <93 •• 
,. 
•• od. -f19 w 
1020 >66 82J7 0\7 2l.18 ... . . 2.99 62.1l9 0.13 18'.l9· -197 ... >83 
""" 
010 18.51 ·195 ,_,. 
"' 
96~(8 O.ltl 18.41 -199 091 n.cl: .... ,. •• ·271 7.31 
20-lO 163 83.39 Ql9 19.99 ... •• 10.00 71.51 0.16 IU2 -293 6.&&: 192 "-" 0.18 "" 
-237 . .., 
""' 
74.39 1).\6 20.01 ·251 ... ... ..• •• •• -298 1:11 
""" 
1.85 95.55 O.ltl 2313 .•. .•. 14.21 6912 0.17 21.27 -312 6.!7 ·~ 1717 0.18 17.17 -317 Ul 5Jl 79.M 0.11 !1.); ..Jl9 6'.91 , . . . •• . .. ·258 7.07 
••50 \.69 123.25 025 2331 . •• 4.ll 91.03 .19 ltQ5 -3'2 '" 
1.55 91.29 .I 15.56 -357 ., 4.65 s.uo dl 16'.!}1 .30) &91 ... •• 
,_.
..• ... 7.05 
""" 
466 t10.l7 nn 2il.23 n.d. •• 11.27 11M 0. 19 \8.41 
.)92 91 2.55 85.13 0.17 1>83 -371 T.O!i 
'·' 
.,_ .. rt.d. 17.40 -36l 
'" 
... 
,,_ 
• n.d-. "" 
1.11) 
REVEGETATEO 
SO-l! S0-15 S0-!9 Sll-23 S0-29 
"""" -
i'agWt &A:IJmoltt MO., Eh sa. ... i'agWI ""Doool7 ""O. Eh 
-
i'agWt II<Ao..ly &AO., Eh 
-
i'agWI &llo..ly MO., Ell •-. loy WI Bll>Dor#! .MO. E~ 
tle!lh lanl Wtlil lil 
-
~ '"~ pll Wl~f lilf IP'I ,. I»I'J pll ~~~~· ~~ Dbn3f % (In~} '" • • ,Ill ill ~ ' lnVl .. wt&l (g) ~'all!) % 10'11 pll 
010 6.71 87.55 Ql9 21.01!1 ... •• 187 ss.n 0.12 11 .76 )15 .... •.95 762< Q\6 19.39 -m 7.D 111 89.1! 0 I "" 
25 6.ll- •• •• ltd. . .. ~10 1.51 
!020 3 .• 1 7(56 Qt6 IJ.I.l •• . .. 5.!9 75.95 0.16 19.26 -225 6.55 9.01 !lUG 015 17.27 .,. ... U'l 
,.., O.ltl l!ll ·165 <II •• . .. •• ... .... . ... 
lOll 5.67 100.10 011 18.10 od. . . 18.80 GUO 0.17 25.50 -183 .... S.80. "-" 0.15 t9.7i .. 51 ... <01 nar ~. 1 6 18.00 ·lf• i:ll n.d. ... •• ... .... 6M 
30-10 115 · -~ 017 15.56 od. •• 11.50 7613 0.17 2U6 -231 6.78 <50 91.13' 010 17.01 "55 1.03 181 ..... 0.21 2279 .JJ9 6.5), ... od . "' •• ..,1 6:92 ... 50 '.tl 76Jll 0!6 "-"' •• •• 5.7l IJ.!l 0.18 "-" -21\ '-" 1.48 9315 019 ll!ll •IS 7.05 >ll 7&.17 Q-.16 17.02 .J!j) fj}7 •• •• •• .. -'76 6.!1l 
""" 
113 97.12 Q20 14.59 ... •• 7., 98.61 0.21 IS.ti .Jil 7.33 152 69.37 0.14 IIAi ... ... 5.7~ n56 QIS 
,., 
.... m .•. • • •• •• .... '-" 
-+>-w 
144 
Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Content (g/cm 3 ) (%) (g/cm 3 ) (%) 
II. ROWLEY, MASSACHUSETTS 
CORE: R-1 CORE: R-2 (vibracore) 
0.5 0.11 5.5 0.11 
22.5 0.20 19.5 0.08 
38.5 0.21 43.5 0.17 
49.5 0.20 63.5 0.15 
54.5 0.34 76.5 0.19 
64.5 0.50 103.5 0.37 
77.5 0.20 120.5 0.48 
96.5 0.18 133.5 0.61 
111.5 0.32 152.5 0.37 
122.5 0.18 162.5 0.23 
138.5 0.17 167.5 0.39 
159.5 0.28 173.5 0.23 
174.5 0.34 25 .3 183.5 0.60 
179.5 0.39 19 .2 191.5 0.55 
184.5 0.20 35.3 202.5 0.44 
208.5 0.47 
CORE: R-2 (auger core) 214.5 0.63 
2 53.4 
7 61.0 CORE: R-3 (vibracore) 
12 56.1 3.5 0.22 
17 52.2 10.5 0.35 
22 46.6 20.5 0.26 
27 34.5 28.5 0.37 
32 28.5 37.5 0.30 
37 32.2 49.5 0.34 
42 21.6 62.5 0.37 
47 29.5 79.5 0 .29 
52 22 .8 93.5 0.49 
57 17.6 106.5 0.16 
62 15 .2 120.5 0.34 
67 15.4 133.5 0 .29 
72 18.0 148.5 0.31 
77 14.5 156.5 0.41 
82 12.7 170.5 0.20 
87 12.8 182.5 0.31 
92 16.7 192.5 0.22 
97 14.3 207.5 0.27 
221.5 0.36 
CORE: R-3 (auger core) 235.5 0.23 
2 43.4 
7 35.0 CORE: R-4 
12 33.3 1 60.3 
17 22 .0 22.5 0.18 52.5 
22 27.9 43.5 0.26 23.4 
27 28.9 62.5 0.60 10.8 
32 25.7 80.5 0.57 11.3 
37 23.1 100.5 0.37 17.2 
42 25 .0 120.5 0.24 32.9 
47 10.6 130.5 0.42 21.5 
52 20.5 140.5 0.35 25.8 
57 16.3 150.5 0.37 23 .8 
Depth (em) 
CORE: 
CORE: 
62 
67 
72 
77 
82 
87 
92 
97 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
136 
0 
5 
10 
15 
20 
25 
30 
40 
50 
58 
60 
70 
80 
90 
100 
120 
130 
140 
150 
160 
170 
180 
190 
200 
220 
230 
240 
260 
R-5 
Bulk Density 
(g/cm 3 ) 
0.09 
0.16 
0.22 
0 .22 
0.35 
0.55 
0.57 
0 .52 
0 .62 
0 .70 
0.57 
0.77 
0.74 
0 .65 
0.38 
R-7 
0 .17 
0.36 
0.49 
0 .11 
0 .31 
0.24 
0.27 
0.04 
0.04 
0 .31 
0.92 
0.19 
0.74 
0 .25 
0.65 
0.44 
0 .50 
0 .32 
0.42 
0 .21 
0.26 
0.27 
0.54 
0.37 
0 .35 
0.54 
0.59 
0 .21 
Organic Content 
{%} 
26.6 
27 .3 
23 .1 
25.4 
23.9 
31.9 
25.4 
16.1 
35.6 
26.9 
17.7 
24.2 
11.3 
10.9 
10.7 
12.4 
11.0 
11.7 
11.1 
13 .0 
10.6 
15.0 
21.5 
21.5 
44 .2 
79.4 
42.3 
65 .9 
65.5 
41 .9 
40.0 
38.4 
6.6 
20.2 
56.8 
27 .9 
43.3 
28 .3 
49 .7 
41.3 
33 .6 
51.1 
19.9 
14.0 
25.3 
56.3 
29.0 
29 .9 
38.8 
54.1 
13.7 
Depth (em) 
160.5 
170 .5 
180.5 
CORE: 
1 
3 
11 
16 
21 
26 
31 
41 
51 
61 
71 
81 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
310 
R-6 
Bulk Density 
(g/cm 3 ) 
0.43 
0 .35 
0.30 
0.66 
0.88 
0.47 
0.57 
0.43 
0.45 
0.70 
0.45 
0.49 
0 .52 
0.45 
0.66 
0.70 
0.76 
0.54 
0.52 
0 .60 
0 .44 
0.23 
0 .16 
0.38 
0 .36 
0 .25 
0.38 
0.65 
0.12 
0.13 
0 .12 
0 .15 
0.14 
0.13 
0 .10 
0 .26 
0.56 
0.37 
0 .12 
0 .50 
0.35 
1.00 
0 .58 
0.41 
0.66 
1.06 
0.26 
0.50 
Organic Content 
(%) 
20.2 
22.8 
28 .9 
35.0 
31.9 
34.6 
34.7 
34.5 
33.6 
34.3 
43 .3 
34.1 
33.6 
30.6 
22 .6 
73.8 
67 .0 
69 .7 
73.3 
76.0 
72.2 
67 .7 
68.4 
78.7 
77.8 
69.0 
50.3 
32.6 
34.3 
39.4 
38.8 
38.0 
28.2 
23.2 
16.5 
13.0 
13.3 
23 .3 
14.6 
18.5 
18.6 
17.3 
14.7 
15.5 
12.7 
11.8 
15.2 
17.6 
145 
Depth (em) 
CORE: 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8 .5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
61 
71 
81 
91 
101 
111 
121 
R-8 
Bulk Density 
(g/ cm 3 ) 
0.07 
0.05 
0.08 
0.07 
0.06 
0.06 
0.05 
0.04 
0.06 
0.05 
0.05 
0.06 
0.07 
0.06 
0.06 
0 .05 
0.05 
0.05 
0.05 
0.05 
0.09 
0.11 
0.12 
0 .14 
0.13 
0.14 
0.17 
0.24 
0.21 
0 .25 
0.33 
0.43 
0.44 
0.34 
0.32 
0.39 
0.46 
0.25 
0.30 
0.35 
0.35 
0.45 
0.27 
Organic Can tent 
(%} 
33.3 
39.2 
47 .6 
56.2 
55.8 
54.5 
48.9 
51.3 
48.5 
49 .5 
47 .5 
42 .8 
40.3 
40.9 
41.9 
41.7 
42.9 
42.5 
41.0 
42 .7 
39.7 
36.5 
37.0 
35.6 
35.5 
36.3 
36.4 
25.5 
23.6 
26.4 
15.4 
11.3 
11.0 
14.0 
13.2 
10.4 
8.1 
15.1 
12.1 
10.9 
11.8 
8.4 
14.2 
Depth (em) 
CORE: 
1 
11 
21 
31 
41 
51 
61 
71 
81 
91 
101 
111 
121 
131 
141 
149 
151 
161 
171 
181 
191 
200 
CORE: 
1 
11 
21 
31 
41 
51 
61 
71 
81 
91 
101 
111 
121 
131 
141 
151 
161 
171 
R-9 
Bulk Density 
(g/cm 3 ) 
0.09 
0 .12 
0.21 
0.21 
0.33 
0.22 
0.32 
0.35 
0.33 
0.26 
0.25 
0.22 
0.26 
0.33 
0.24 
0.46 
0.40 
0.41 
0.46 
0.51 
0.55 
0.44 
R-10 
0.08 
0.11 
0.15 
0 .24 
0.15 
0.51 
0 .14 
0.13 
0.20 
0 .16 
0.35 
0.32 
0.42 
0.51 
0.45 
0.46 
0.56 
0.50 
Organic Content 
(%) 
29.9 
35.1 
22.7 
22.9 
13.2 
19.3 
14.1 
12.7 
14.7 
15.7 
14.1 
14.6 
17.8 
13.2 
19.3 
9.7 
11.7 
14.5 
12.7 
8.2 
7.7 
9.1 
33.4 
35.9 
22.3 
14.0 
22.6 
8.2 
29.0 
25.8 
18.1 
18.1 
11.2 
11.7 
11.7 
9.6 
10.2 
9.9 
9.5 
9.9 
146 
Depth (em) 
CORE: 
130 
141 
151 
161 
171 
181 
191 
201 
211 
221 
231 
241 
251 
261 
271 
0 .5 
1.5 
2.5 
3.5 
4 .5 
5.5 
6.5 
7.5 
8.5 
9 .5 
10.5 
11.5 
12.5 
13 .5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
Bulk Density 
(g/cm 3 ) 
R-12 
0 .64 
0.34 
0.29 
0.33 
0.51 
0.51 
0.35 
0.42 
0.40 
0.61 
0.54 
0.46 
0.46 
0.67 
0 .78 
0 .06 
0.06 
0.04 
0.05 
0.05 
0.05 
0.05 
0.04 
0.03 
0.07 
0.06 
0.05 
0.05 
0.07 
0.05 
0.05 
0.05 
0.05 
0.05 
0.07 
0.12 
0.13 
0.15 
0.25 
0.22 
0.39 
0.34 
0.33 
0.31 
0.31 
0.36 
Organic Content 
(%} 
6.3 
15.7 
18.9 
16.9 
10.2 
10.4 
14.4 
11.1 
11.3 
9.1 
9.8 
11.4 
9.3 
7.8 
6.2 
57.8 
58.9 
57.1 
55.4 
51.0 
55.7 
79.6 
58.7 
53.1 
50.8 
52.1 
46.1 
45.3 
43 .0 
43.7 
44.9 
47.3 
50.0 
47 .3 
44.8 
46 .8 
41.5 
37.7 
30.6 
26.8 
18.0 
17.9 
17.9 
17.9 
16.5 
16.8 
Depth (em) 
CORE: 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
61 
71 
81 
90 
101 
106 
111 
121 
131 
141 
151 
Bulk Density 
(g/cm 3 ) 
R-11 
0.04 
0.06 
0.03 
0 .02 
0.04 
0.03 
0 .04 
0.04 
0.04 
0.03 
0 .03 
0.05 
0.04 
0.04 
0.06 
0.04 
0.03 
0.04 
0.05 
0.05 
0 .11 
0.11 
0.10 
0.09 
0.14 
0.10 
0.09 
0.10 
0.10 
0.11 
0.11 
0.14 
0.11 
0.10 
0.13 
0.12 
0.14 
0.13 
0 .14 
0.18 
0.26 
0.60 
0.37 
0.88 
0.56 
0.68 
0.64 
Organic Content 
(%) 
34.3 
38.9 
44.1 
44.9 
42 .9 
37.4 
36.9 
36.5 
35.1 
33.2 
29.9 
32.4 
30.4 
29.5 
43.3 
34.9 
31.6 
30.3 
33.7 
35.6 
27.5 
26.6 
29.7 
27.6 
23 .6 
27.0 
29.4 
26.9 
28.4 
25.7 
23.6 
20.5 
22.4 
27.6 
27.7 
25.2 
18.5 
22.2 
25.9 
18.7 
17.8 
10.6 
6.6 
2.8 
8.8 
6.9 
8.2 
147 
148 
Depth (em) Bulk Density Organic Content Bulk Density Organic Content (g/ cm 3 ) (%) Depth (em) (g/cm 3 ) (%) 
43 0.30 20.3 161 0 .92 2.9 
45 0.31 18.8 171 0 .56 1.4 
47 0.38 16.0 
49 0.32 18.7 
51 0.36 18.7 CORE: R-13 
61 0.22 25.9 1 0.10 42.8 
71 0.25 19.9 6.5 0 .11 48.9 
81 0.50 8.0 11 0.15 38.4 
91 0 .24 19.3 21 0.26 26.8 
101 0.20 27.6 31 0.50 10.6 
111 0 .22 20.8 41 0 .38 14.4 
121 0.28 19.6 51 0.58 7.3 
131 0.32 18.0 61 0.28 16.8 
141 0.40 14.6 71 0 .34 16.4 
151 0.56 12.7 81 0.28 20.5 
161 0.52 12.3 91 0.25 24.2 
171 0.42 13.8 101 0.23 20.6 
181 0.73 8.9 111 0.29 17.5 
191 0.85 6.5 121 0.35 15.2 
201 0.72 6.2 131 0 .39 16.6 
211 0.85 5.5 141 0.38 14.2 
221 0.75 5.7 151 0.42 13.3 
231 0.86 4.4 161 0.46 13.6 
241 1.02 4 .7 171 0 .53 9 .9 
251 0.76 4.8 181 0 .65 9.5 
191 0.49 7.5 
CORE: R-14 CORE: R-15 
1 0 .12 39.4 0.5 0.05 30.2 
11 0.10 41.8 1.5 0.05 35.6 
21 0.12 35.3 2.5 0.08 34.5 
31 0.11 36.1 3.5 0 .08 35.3 
41 0.14 34.6 4.5 0 .08 35.9 
51 0.11 30.4 5.5 0.06 35.6 
61 0.10 34.2 6.5 0 .07 32.3 
71 0.12 29.6 7.5 0 .08 28.4 
81 0 .13 28.3 8.5 0 .08 27.5 
91 0 .07 29.3 9.5 0.07 31.2 
101 0.29 10.5 10.5 0.06 33.6 
111 0.53 8.0 11.5 0.07 33.0 
121 0.48 14.3 12.5 0.06 33.4 
131 0.46 12.6 13.5 0 .07 34.6 
141 0 .69 5.4 14.5 0.08 31.3 
151 0.68 5.7 15.5 0.07 30.4 
161 0.70 6 .7 16.5 0.07 29.4 
149 
Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Content (g/cm 3 ) (%} (g/cm 3 ) (%} 
171 0.61 9.5 17.5 0.09 27.7 
181 0.62 8.5 18.5 0.09 25.7 
19.5 0.11 17.7 
21 0.20 15.2 
CORE: R-16 23 0.12 28.0 
0.5 0.04 35.8 25 0.11 30.3 
1.5 0.04 42.6 27 0.11 31.6 
2.5 0.08 44.6 29 0.10 32.5 
3.5 0.06 41.4 31 0.10 30.8 
4.5 0.06 41.9 33 0.10 31.3 
5.5 0.05 44.9 35 0.11 26.9 
6.5 0.06 40.4 37 0.30 12.7 
7.5 0.08 35.2 39 0.19 17.4 
8.5 0.05 38.1 41 0.16 24.0 
9.5 0.05 36.6 43 0.11 27.5 
10.5 0.05 41.9 45 0.11 27.5 
11.5 0.06 40.5 47 0.11 29 .8 
12.5 0.07 35.5 49 0.11 30.9 
13.5 0.04 41.8 51 0.11 29.9 
14.5 0.07 48.0 61 0.14 24.7 
15.5 0.04 45.2 71 0.11 28.3 
16.5 0.06 49.6 81 0.14 26.0 
17.5 0.07 48.9 91 0.14 24.3 
18.5 0.07 42.2 101 0.17 19.9 
19.5 0.09 39.6 111 0.45 7.9 
21 0.18 29.0 121 0.50 5.6 
23 0.32 21.8 131 0.57 4.6 
25 0.35 18.1 141 0.57 8.1 
27 0.31 19 .1 151 0.59 7.4 
29 0.34 17.4 161 0.59 7.2 
31 0.32 15.5 171 0.68 4.6 
33 0.26 19.0 
35 0.35 15.0 
37 0.39 16.4 
39 0.23 21 .6 
41 0.38 14.3 
43 0.55 10.6 
45 0.61 5.7 
47 0.52 10.7 
49 0.32 17.1 
51 0.34 15.5 
54 0.47 11.7 CORE: R-17 
61 0.20 23.0 1 0.06 41.3 
71 0.21 24.6 11 0.21 33.4 
81 0.15 31.1 21 0.33 19.8 
91 0.27 11.3 31 0.42 14.8 
Depth (em) 
94 
101 
111 
121 
131 
141 
151 
161 
171 
176 
181 
191 
CORE: 
1 
11 
21 
31 
41 
51 
61 
71 
81 
91 
101 
111 
121 
131 
141 
151 
161 
171 
CORE: 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
Bulk Density 
(g/cm 3 ) 
R-18 
R-20 
0.37 
0.16 
0.24 
0.34 
0 .43 
0.50 
0.32 
0.37 
0.30 
0 .43 
0.32 
0 .30 
0.14 
0.12 
0.13 
0 .12 
0.10 
0.12 
0.11 
0.10 
0 .20 
0.20 
0.18 
0.30 
0.48 
0.58 
0.53 
0.71 
0.66 
0.78 
0.07 
0.06 
0.10 
0.09 
0 .09 
0 .07 
0.08 
0 .08 
0.08 
0 .11 
0.10 
0.09 
Organic Content 
(%) 
10.4 
23.7 
16.6 
12.1 
8.6 
7 .9 
14.7 
17.0 
17.9 
11.1 
17.1 
14.9 
25.4 
30.6 
23.1 
28.0 
30.7 
25.1 
28.4 
34.3 
16.4 
19.2 
26.8 
13.6 
11.4 
8.8 
9.2 
5.0 
7.4 
4 .7 
22.1 
21.4 
18.6 
18.4 
20.2 
18.9 
18.3 
17.6 
16.5 
16.5 
18.6 
17.0 
Depth (em) 
41 
47 
49 
51 
53 
61 
71 
81 
91 
101 
111 
121 
131 
141 
151 
161 
171 
181 
185 
191 
201 
211 
221 
231 
241 
251 
261 
271 
281 
291 
301 
CORE: 
0.5 
1 .5 
2.5 
3.5 
4 .5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13 .5 
Bulk Density 
(g/cm 3 ) 
R-19 
0.49 
0.57 
0.51 
0 .70 
0.60 
0.31 
0 .26 
0.21 
0 .19 
0 .24 
0 .39 
0.38 
0.36 
0 .32 
0.26 
0 .32 
0.29 
0.37 
0 .80 
0.28 
0 .38 
0.50 
0.64 
0.44 
0 .62 
0.67 
0.76 
0 .78 
0 .88 
0 .78 
0.44 
0.06 
0.03 
0 .05 
0.07 
0.05 
0 .07 
0.04 
0 .06 
0 .07 
0.05 
0.06 
0.04 
0 .07 
0.11 
Organic Content 
(%) 
11.8 
9.1 
10.5 
7.3 
8.2 
20.6 
19.5 
26.4 
23.4 
17.4 
12.5 
13.3 
13.4 
19.4 
23.6 
18.6 
17.5 
14.9 
4 .1 
18.8 
12.3 
9.2 
6.5 
10.2 
6.5 
6.1 
4.2 
5.4 
5.1 
5.3 
7.5 
31.6 
35.0 
33.9 
36.9 
46.9 
45.0 
37.3 
35.1 
32.0 
28.9 
34.6 
33.0 
31.8 
24.4 
150 
Depth (em) 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
61 
71 
81 
CORE: 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
Bulk Density 
(g/cm 3 ) 
RRP-1 
0 .10 
0.12 
0.09 
0.07 
0 .09 
0.11 
0.11 
0.08 
0.18 
0 .21 
0.15 
0.14 
0.12 
0.13 
0.16 
0.14 
0.13 
0.15 
0.21 
0.22 
0.22 
0.19 
0.16 
0.13 
0.23 
0.33 
0.58 
0.10 
0.05 
0.11 
0.11 
0.13 
0.14 
0.14 
0.06 
0.09 
0.07 
0.12 
0.15 
0.12 
0.13 
0 .11 
0.10 
0.09 
0.10 
Organic Content 
(%) 
15.8 
16.1 
17.4 
18.8 
17.3 
15.3 
17.1 
16.9 
16.8 
17.4 
23.4 
22.9 
20.7 
18.1 
19.4 
22.5 
21.3 
17.8 
15.6 
21.0 
19.1 
17.7 
16.6 
17.9 
10.6 
5.1 
27.2 
26.9 
22.7 
21.8 
26.1 
26.8 
26.4 
22.1 
22.4 
22.3 
21.9 
17.2 
15.6 
16.9 
21.8 
23.1 
22.6 
23.3 
Depth (em) 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
61 
71 
81 
91 
101 
111 
121 
131 
141 
151 
161 
171 
181 
191 
CORE: 
0.5 
1.5 
2.5 
3.5 
4.5 
5 .5 
6.5 
7.5 
8 .5 
Bulk Density 
(g/cm 3 ) 
RRP-2 
0.07 
0 .08 
0.05 
0.09 
0.05 
0.07 
0.10 
0 .13 
0 .18 
0.24 
0.21 
0.38 
0 .33 
0.14 
0.16 
0.18 
0 .14 
0.10 
0.15 
0 .12 
0.12 
0.15 
0 .26 
0.23 
0.34 
0.27 
0.41 
0.44 
0.57 
0.47 
0.57 
0.58 
0 .47 
0.66 
0 .81 
0.72 
0.11 
0.11 
0 .13 
0.10 
0.09 
0.08 
0.09 
0.06 
0.06 
Organic Content 
(%) 
26.1 
28.1 
27.0 
23.7 
24.8 
27.7 
27.2 
23.2 
14.5 
19.7 
20.2 
11.9 
13.9 
22.3 
23.5 
21.5 
25.0 
25.5 
25.0 
24.8 
26.0 
22.8 
23.4 
73.1 
13.3 
16.5 
13.4 
10.0 
9.9 
10.4 
8.6 
9.7 
9.6 
7.1 
4.7 
6.0 
18.7 
20.4 
20.2 
22.5 
22.6 
25.0 
28.9 
25.6 
26.7 
151 
Depth (em) 
18.5 
19.5 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
53 
55 
57 
61 
71 
81 
91 
CORE: 
0.5 
1.5 
2.5 
3.5 
4 .5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
Bulk Density 
(g/cm 3 I 
SW-A 
0.11 
0.15 
0.18 
0.21 
0 .16 
0.17 
0.17 
0 .27 
0 .28 
0.19 
0.31 
0 .28 
0.23 
0.24 
0 .21 
0.22 
0.21 
0.18 
0.20 
0.21 
0.15 
0 .13 
0.16 
0.26 
0 .16 
0.06 
0.08 
0 .08 
0.11 
0 .10 
0.08 
0.11 
0.13 
0.12 
0.09 
0.12 
0 .12 
0.15 
0.13 
0.16 
0.14 
0.15 
0.12 
0.15 
0.15 
Organic Content 
(%} 
22.0 
18.4 
17.3 
21.6 
29.1 
22.3 
27.4 
17.6 
15.3 
20.3 
16.8 
18.9 
19.6 
21.0 
25.7 
20.4 
25.3 
22.9 
20.9 
21.3 
34.8 
33.7 
35 .0 
22.2 
27.7 
34.3 
42 .2 
45.5 
45 .3 
45 .7 
42 .7 
41.3 
33.9 
29.0 
31.0 
30.9 
36.5 
39.3 
38.3 
38.7 
32.0 
37.5 
37.7 
41 .2 
41.4 
Depth (em) 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
21 
CORE: 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
0.5 
1.5 
2.5 
3.5 
4 .5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
Bulk Density 
(g/cm 3 I 
WE-A 
0 .09 
0.07 
0.08 
0 .10 
0.08 
0.06 
0.09 
0.06 
0.08 
0.04 
0 .12 
0.40 
0.33 
0.25 
0.20 
0.21 
0.20 
0 .18 
0.22 
0 .11 
0.50 
0.25 
0.33 
0.34 
0.40 
0.40 
0.15 
0 .18 
0.13 
0 .13 
0.12 
0.19 
0 .17 
0 .12 
0 .13 
0.17 
0 .16 
0.13 
0.15 
0.18 
0.13 
0 .13 
0.12 
0 .19 
0.17 
Organic Content 
(%) 
25.6 
28.0 
27.6 
25.4 
23.3 
23.5 
22.4 
20.9 
19.6 
21.0 
17.5 
13.7 
15.4 
16.1 
16.3 
16.3 
16.6 
13.4 
14.4 
8.6 
7.3 
10.3 
10.4 
10.9 
14.4 
13.1 
25 .1 
32.7 
35.6 
35.4 
31.6 
27.7 
25.2 
28.8 
33.3 
30.0 
31.1 
32.6 
32.1 
32.0 
31.2 
28.3 
28.1 
30.2 
28.5 
152 
153 
Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Content (g/cm 3 ) {%) (g/cm 3 ) {%) 
21 0.22 38.7 19.5 0.12 28.7 
23.5 0.45 30.8 21 0.25 29.4 
26 0.37 29.5 23.5 0 .37 33.6 
28.5 0.55 33.0 26 0.28 22 .7 
31 0.35 30.7 28.5 0.45 26.8 
33.5 0.64 25.0 31 0.32 31.2 
36 0.43 24.4 33.5 0 .34 39.9 
38.5 0.77 19.6 36 0 .30 37.5 
41 0.45 38.5 0 .56 26.1 
43.5 0.69 18.6 41 0 .33 25.4 
46 0.48 19.6 43 .5 0.49 24.3 
48.5 0.60 17.6 46 0 .24 31.7 
51 0.51 17.6 48.5 0 .38 27.8 
53.5 0.53 21.5 51 0.22 32.3 
56 0.37 25.7 53.5 0.39 28.9 
58.5 0.40 27.9 56 0.25 32.1 
61 0.41 21.8 58.5 0.40 28.4 
61 0.22 28.2 
63.5 0.34 28.8 
66 0.25 24.4 
68.5 0.34 27 .0 
Ill. BOSTON HARBOR, MASSACHUSETTS 
CORE: Tl-2 CORE: TI-l (auger) 
11 0.21 0.5 15.0 
76 0.30 1.5 13.5 
81 0.30 2.5 13.3 
86 0.23 3.5 11.5 
91 0.29 4.5 13 .2 
96 0.14 5.5 14.2 
101 0.17 6.5 16.6 
111 0.24 7.5 19 .2 
121 0.15 8.5 17.8 
131 0.13 9.5 14.5 
141 0.10 10.5 17.8 
151 0.06 11.5 15.9 
161 0.07 12.5 16.1 
171 0.12 13.5 13.7 
181 0.11 14.5 13.0 
191 0.11 15.5 13.6 
201 0 .09 16.5 15.1 
17.5 14.0 
154 
Depth (em) Bulk Density Organic Cantent Depth (em) Bulk Density Organic Cantent (g/ cm 3 ) (%) (g/cm 3 ) (%} 
CORE: Tl-2 18.5 16.7 
11 0 .85 15.8 19.5 17.6 
21 1.08 13.0 26 14.3 
31 0 .79 13.0 31 15.8 
41 0.50 43 .0 36 13.4 
51 0.43 40 .5 41 12.0 
62 0.88 14.1 46 12.4 
71 0.60 30.2 51 15.0 
81 0.46 38.2 56 13 .9 
91 0.54 23.7 61 11.9 
101 0.53 23.9 66 13.9 
111 0.72 20.0 71 10.1 
121 0 .77 15.0 
131 0.91 11.4 CORE: Tl-3 
141 0.52 30.2 1 0 .57 19.5 
151 0 .59 23.5 11 0.68 14.7 
161 0.54 30.1 21 0.56 15.0 
171 0.56 25.5 31 0.81 13.0 
181 0 .50 31.0 41 0 .99 13.6 
191 0.50 28.7 51 1.09 13.8 
201 0.59 25 .8 61 0.84 18.3 
221 0.43 50.9 71 1.14 10.2 
241 0.41 54.9 81 0 .53 46.8 
261 0.47 34.7 91 0.63 32.2 
281 0.42 33.3 101 0 .63 25.3 
301 0.50 38.0 111 0 .60 30.3 
321 0.52 34.6 121 0 .48 38.8 
341 0.47 40.2 131 0 .59 28.3 
346 1.71 5.0 141 0.58 27.3 
355 1.79 4 .1 151 0 .80 20.5 
381 1.61 3.8 161 0 .82 18.2 
401 1.76 3.4 171 0.61 28.6 
421 1.78 3.5 181 0.96 12.0 
191 0.55 32.0 
CORE: Tl-4 201 O.p8 25.2 
1 23 .2 221 0.59 25.4 
11 23.4 241 0 .48 44.6 
21 10.5 261 0 .56 34.8 
31 16.3 281 0 .69 20.4 
41 16.2 301 0.56 35 .3 
51 17.0 311 1.18 8.7 
61 15.0 321 -0 .02 2.3 
71 16.0 341 1.48 3.7 
81 14.8 351 4.42 2.6 
91 16.7 361 1.86 3.4 
155 
Depth (em) Bulk Density Organic Can tent Depth (em) Bulk Density Organic Cantent (g/cm 3 ) {%) (g/cm 3 ) {%) 
CORE: TI-S CORE: Tl-6 
1 22.7 1 0.51 13.3 
11 31.8 11 0.51 13.6 
21 14.0 21 0.47 11.8 
31 18.2 31 0.32 11.7 
41 7.8 41 0 .51 13.9 
51 7.9 51 0 .52 10.3 
61 11.5 61 0.36 9.8 
71 11.5 66 0 .98 20.4 
81 10.4 71 0.88 14.0 
91 10.3 78 1 .15 5.0 
81 0 .65 29.0 
CORE: Tl-7 91 0.64 9.5 
7 17.0 101 0.55 11.0 
26 16.0 111 0.34 16.1 
36 10.0 121 0.44 15.9 
55 11.5 131 0.49 20.3 
82 11.0 141 0.57 8.4 
151 0 .71 7.2 
CORE: Tl-8 161 0.62 19.1 
1 0.12 19.0 171 0 .66 6.2 
11 0.12 21.3 181 0.61 16.9 
21 0.15 15.5 187 0.52 14.6 
31 0.20 13.4 191 0.69 6.6 
41 0.16 13.1 201 0.72 15.1 
51 0.21 13.4 221 0.57 14.7 
61 0.25 11.5 241 0 .58 12.5 
71 0.22 15.0 248 0.19 
81 0.14 16.7 251 0 .17 
91 0.19 14.5 261 0.14 
131 0.17 20.2 281 0.20 
141 0.26 17.7 301 0 .18 
151 0.20 41.2 
161 0.21 24.5 CORE: Tl-9 
171 0.23 18.5 1 0 .90 7.9 
181 0.23 19.2 11 0.64 9.2 
191 0.24 18.9 21 1.33 5.3 
201 0.19 28.5 31 1.03 6.4 
211 0.22 22.3 41 0.87 6.7 
212 0.30 16.9 51 0.85 7.7 
231 0.23 21.8 61 0.89 8.3 
241 0.21 34.0 71 0.80 7.2 
251 0.17 45 .8 81 1.07 7.1 
271 0 .12 36.3 91 1.06 8.2 
276 0.28 8.3 101 1.22 7.5 
281 0.39 6.7 111 1.10 8.5 
291 0.55 3.8 121 1.10 8.0 
156 
Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Content (g/cm 3 ) (%) (g/cm 3 ) {%) 
301 0.46 3.8 131 0.89 9.4 
311 0.44 3.7 141 1 .11 8.3 
321 0.39 4.8 151 1.04 9.1 
161 1.11 8.5 
CORE: Tl-10 171 0 .92 8.0 
1 0.70 24.3 181 0.89 8.3 
11 0 .91 14.6 191 1.00 7.8 
21 0.89 18.0 201 1 .05 7.9 
31 1.37 3.8 205 0 .91 7.3 
41 0.51 36.2 212 0 .86 11.7 
51 1.06 43 .9 241 0.88 8.1 
61 1.22 2.5 261 0.94 8.7 
71 1.19 4.4 281 0.82 10.6 
81 0.51 301 0.73 15.3 
91 0.46 317 0 .75 19.1 
101 0.38 321 0 .59 24.7 
111 0 .55 341 0.58 24.5 
121 0 .61 361 0.52 31.0 
131 0.52 381 0 .56 28.1 
141 0 .38 401 0.55 25.8 
151 1.54 421 0.58 21.0 
161 0.52 
171 0.57 CORE: TI-ll 
181 0.57 1 0 .63 18.7 
191 0.53 11 0.72 10.0 
201 0.51 21 0.69 
205 0.52 31 0.64 
41 0.83 
CORE: Pdl-1 51 0 .68 
0.54 39.7 61 0.52 
11 0.91 27.2 71 0 .96 
21 0.76 32.9 81 0 .67 
31 0.91 17.6 91 0 .50 
40 1.09 13.0 
41 1.08 13.3 
51 0.77 25.0 
61 1.43 12.8 
71 0.98 22.4 
81 1.75 4.0 
91 1.13 12.2 
101 0 .87 19.2 
111 0.95 19.2 
121 0.94 15.1 
131 1.11 11.2 
141 1 .37 10.7 
151 1.18 14.4 
161 1.09 14.6 
171 0.94 23.7 
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Depth (em) Bulk Density Organic Content Depth (em) Bulk Density Organic Content (g/cm 3 ) {%) (g/cm 3 ) (%) 
181 0.91 17.5 
191 0.90 23.2 
201 0.70 26.6 
211 0.74 35.8 
226 2.62 3.1 
233 2.37 2.0 
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APPENDIXF 
CONSTRUCTION OF gSET APPARATUS AND ELEVATION MEASUREMENTS 
For construction of the gSET apparatus, we used a 3.8 em x 3.8 em x 2.5 m length 
aluminum bar and drilled 0.64 em diameter holes every 5 em along the length of the bar 
(holes were numbered 1 to 46). This bar was mounted over creeks by resting between two 
5 em x 10 em x 2.5 m wooden supports placed on either side of the creek that had slots 
carved every 20 em (total of 11 slots in a row-like fashion, labeled A to K) for the bar to 
nestle within (Fig A1). In order to ensure the support mounts occupied the same position 
in the marsh, rod-like garden stakes (1 m length stainless steel, 1.3 em diameter, coated in 
plastic) were driven into the marsh and left in the same position over the four year 
measurement period. Holes were drilled into the wooden mounts so that they could be 
slotted through the rods on the marsh surface, occupying the same location as previous 
years' measurements (Fig A1). Prior to placement of the bar on the mounts, the mounts 
were hand-leveled using stackable 2.5 em width wood pieces and carpenter' s levels. 
In order to make measurements, metal pins (0.5 em diameter, 60 or 150 em length) were 
dropped from each numbered hole in the aluminum bar to the surface by an operator 
suspended over the apparatus (using a 6 m aluminum ladder or 5 em x 25 em x 3.6 m 
board and milk crates, Fig A1 ). Pins were carefully lowered from bar until they just 
touched marsh or creek mudflat surface, locked in position using metal clips positioned 
above the bar (similar to a standard SET set-up), and their lengths measured. The gSET 
measures elevation in a grid fashion; distance between measurements is 5 em along the 
bar, and 20 em between the rows. 
After all measurements were made, the four comers of the apparatus were leveled relative 
to a fixed rod-style SET (RSET) benchmark occupied by the Plum Island Estuary Long 
Term Ecological Research (PIE-LTER) program using a Pentax PCS-300 electronic total 
station, which has a vertical accuracy of 1-2 em. Measurements were then input and post-
processed in excel, whereby elevations relative to the bar were converted to NAVD88 
using the fixed RSET benchmark elevation and mount comer elevations. Examples of 
row measurements throughout the four years are shown in Figure A2. 
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46 measurements 
-2.5 m 
Figure A 1- Top: Diagram of gSET apparatus. Bottom left: Operator is suspended over the apparatus using 
an extendible aluminum ladder and milk crates. Apparatus is hand-leveled using stackable 1" width wood 
pieces and carpenter' s levels. Bottom right: Metal pins are slotted through holes drilled in aluminum bar 
every 5 em, lowered to the marsh surface, and held in place using metal clamps similar to standard SET 
practices. 
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Figure A2 - Examples of elevation data retrieved from various rows from 2008 to 2011. 
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The following pages include elevation data measured with gSET. Raw data is depth from gSET apparatus 
to marsh surface (in em). Estimated error is ±1 em. Leveled data is elevation relative to PIE-LTER RSET 
receiver (in em). Estimated error is ±3 em. RSET (PILTER ID: Site 15, New Levine's 3) receiver elevation 
is 1.648 m relative to MSL, 1.626 m relative to NA VD88. 
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1 -53.18 -58.33 -55.48 -48.63 -47.58 -48.33 -45.68 -44.23 -38.88 -34.83 -33.88 
8- -56.S7 -60.42 -57.07 -~8 .82 -43.07 -50.82 -48.27 -44.82 -40.11 -35.82 -35.57 
i -56.17 -60.12 -57.11 -50.32 -45.46 -47 .01 -43.56 -46.21 -42.86 -37 -37.35 
io -~ -55.57 -61.21 -58.46 -53.41 -46.46 -45.4 -52.45 -43.1 -44.34 -33.23 -38.24 
11 -58.06 -60.11 -53.05 -53.1 -4S.35 -45.4S -50.14 -50.13 ·47.13 -40.38 -31.S2 
-~12- -58.36 -55.3 -56.65 -57.53 -52.04 -47.28 -43.53 -48.17 -47.82 -41.11 -41.01 
--~ _ -56.35 -54.5 -54.44 -58.0S ·52.03 · 4S.31 ·48.S2 -41.66 -48.31 -43.25 -42.4 
14 -57.15 -54.2S -53.04 -56.38 -54.32 -47.67 -46.61 -48.65 -51.3 -48.S4 -43.58 
IS -56.14 -53.4S -50.53 -57.57 -52.01 -48.26 -48.3 -53.14 -55.08 -48.13 -43.31 
1&- -56.54 -55.48 -53.42 -56.76 -55.11 -54.45 -4&.13 -52.03 -53.07 -46.71 -45.35 
17- -58.14 -54.18 -53.42 -56.16 -57 -55.24 -48.18 -51.32 -51.26 -43.4 -45.44 
18 -55.03 -53.57 -43.61 -58.25 -51.43 -54.53 -45.37 -53.71 -41.05 -3S.33 -36.63 
- lS ' -51.13 -58.36 -53.8 -54.64 -55.08 -54.62 -45.46 -43.3 ·36.53 -36.S7 ·35.41 
__?0 -57.62 -56.66 -53.6 -52.13 ·54.27 -53.81 -44.15 -45.08 -35.42 -37.06 -35.3 
21 -56.32 -55.15 -51.43 -43.23 -50.36 -51.3 -42.24 -41.17 -35.61 -36.85 -33.38 
=ill -56.31 -52.65 -43.68 -44.72 -43.26 -48.33 -42.33 -42.26 -34.1 -40.23 -33.07 
-~~- -48.01 -43.14 -41.08 -45.01 -47.65 -44.18 -42.52 -46.35 -36.23 -40.22 -33.0& 
?_4 -47.S -44.04 -41.31 -40.51 -46.74 -43.27 -42.81 -46.S4 -36.27 -37.31 -37.84 
25 -47.1 -44.53 -40.71 -40.S -44.03 -45.66 -43.4 -48.73 -36.06 -36.8S -36.33 
- 26 -46.7 -42.83 -40.36 -38.1:9 -40.S2 -44.45 -41.8S -43.S2 -34.85 -36.38 -34.11 
_ 2!_ 1 -45.03 -43.12 -38.05 -37.18 -36.21 -45.24 -nos -41.21 -34.74 -36.27 -35.7 
28 -~5.33 -42.02 -31.45 -36.68 -35.21 -43.44 -42.17 -45.8 -32.23 -31.15 -35.28 
2:9 -46.68 -41.41 -37.84 -35.11 -35.3 -40.33 -42.16 -46.78 -32.51 -31.04 -35.S7 
30 -46.08 -41.01 -36.63 -34.26 -33.8S -37.62 -3S.34 -46.47 -34.3 -34.33 -35.1& 
31 -4&.41 -41.1 -36.43 -31.65 -33.08 -34.21 -38.23 -44.86 -34.13 -33.02 -33.64 
J 2 1 -50.11 -40.33 -31.82 -32.65 -31.S7 -32.6 -31.12 -44.45 -32.18 -41 -31.S3 
33 -52.&6 -43.3S -37.81 -33.34 -31.46 -31.6S -36.71 -38.54 -30.86 ·41.23 ·28.S1 
_2! -5&.&6 -51.28 -3S.31 -32 .63 -30.26 -2S.68 -35.7 · 38.63 -32.85 -3S.18 -31.S 
~ -~ -34.86 -60.58 -40.7 -35.52 -23.55 -30.27 -34.83 -36.22 -32.S4 -33.36 ·33.13 
36 -:94.35 -S3.67 -51 -33.22 -30.84 -27.76 -34.18 -37.21 -33.83 -34.15 ·42.77 
_ ~ -S5.45 -S3.27 -72.3:9 -34.01 -32.23 -2S.S5 -31.37 -36.53 -33.32 -33.44 -41.86 
38 · -s5.~4 -33.36 -sus -36.1 -33.82 -30.14 -2s.16 -32.78 -30 -33.72 -33.04 
3S -35.84 -33.36 -sus -42 -32.31 -30.S3 -27.55 -33.17 -3o.5s -33.21 -37.73 
-~ -80.83 -S2.65 -10.81 -43.3S -31.51 -31.12 -28.64 -34.36 -30.28 -32.7 -34.82 
41 -67.S3 -51.05 -62.56 -35.58 -31.3 -30.62 -2S.63 -28.85 -31.S1 -2S.78 -31.1 
'42 -64.22 -40.84 -43.56 -28.01 -28.8S -28.01 -30.32 -27.84 ·23.75 -2S.11 -30.53 
~ 4~ -63.S2 -3S.54 -42.:95 -2S.27 -25.48 -28.5 -23.31 -27.23 -31.24 -23.16 -28.17 
44- 1 -58.62 -37.03 -38.14 -34.46 -23.11 ·27.SS -27.1 -28.02 -31.S3 -23.44 -28.46 
- 45 I -51.21 -33.02 -34.74 -42.75 -21.86 -26.88 -26.33 -28 -23.02 -28.73 ·27.34 
-~E> ~ -50.&1 -33.82 -23.53 -41.74 -22.86 -25.87 ·25.58 -28.SS ·27.71 -2:9.42 -28.13 
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18.6 
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·55.38 ·50.33 ·50.88 ·46.63 ·44.18 ·36.63 ·34.63 ·23.34 ·32.03 ·33.64 ·31.03 
2 ·60.03 ·51.38 -54.74 ·47.33 ·43.75 ·38.6 ·36.36 -35.51 ·36.36 -32.32 ·31.21 
-~ ·62.48 ·54 .54 
-60.3 
·56.85 
·52.4 ·46.45 ·42.31 
·51.16 ·48.02 ·42.88 
·43.21 ·47.18 -45.84 
·41. 77 -36.03 -35.88 ·36.24 
·40.14 ·38.1 ·36.46 ·38.62 
·42.2 ·38.77 ·41.53 ·40.53 
-33.1 ·31.35 
·35.58 ·33.04 
·40.35 ·33.52 
4 ·66.34 
_2_ ·67.13 
6 
.1. 
·64.54 -57.81 ·43.31 ·43.14 -43.5 ·46.17 ·42.54 ·43.3 ·40.6 7 ·38.33 ·33.5 
-62.3 ·61.36 ·52.03 -48.7 -43.87 ·48.14 -46.41 ·42.67 ·42.64 ·36.31 ·33.48 
~- ·62.35 ·62.42 ·53.03 ·50.26 ·43.43 ·43.3 ·47.18 ·46.25 ·41.52 ·36.53 ·34.36 
3 -60.3 -62.88 ·53.85 ·52.12 ·48.3 ·51.57 ·53.05 ·48.02 ·43.63 ·37.77 ·33.54 
_10 
11 
12 
13 ~ 
14 
15 1 
16 -
17 
:JU 
_1~ 
2Q 
·60.86 -62.33 ·63.21 -55.13 ·47.66 ·48.84 ·54.32 ·48.03 ·45.07 ·33.55 ·32.62 
·60.81 ·63.33 ·60.67 ·57.15 ·51.13 ·46.01 ·53.58 ·50.56 ·48.44 -33.82 ·32.3 
-53.76 ·61.34 -61.63 ·56.31 ·55.33 ·48.27 ·51.35 ·50.54 ·50.22 ·40.5 ·38.08 
-53.21 ·57.3 ·57.18 ·53.17 ·54.65 ·51.24 ·50.52 ·43.71 ·51.23 -43.18 -42.36 
·58.07 ·58.16 ·56.84 ·60.13 ·55.42 ·43.41 ·43.53 ·50.78 ·53.37 ·46.46 ·45.25 
-57.72 ·57.31 ·55.3 ·53.53 ·64.38 ·43.37 ·50.16 ·51.76 ·54.35 ·50.14 ·47.13 
·53.17 ·51.81 -56.26 ·58.15 ·58.45 ·51.14 ·48.63 ·52.03 -54.22 ·48.61 ·48.01 
·53.33 -57.32 -57.52 ·57.12 ·53.61 ·57.01 ·47.3 -53 -54.2 ·44.63 ·48.03 
-57.18 ·60.38 ·56.38 -57.58 -53.48 -53.18 ·45.57 ·53.77 ·50.21 ·42.07 ·43.81 
·58.33 ·53.84 ·56.24 ·55.34 ·57.04 ·57.14 ·44.64 ·53.75 -33.25 ·40.65 ·38.35 
·53.03 ·57.73 ·54.4 -52.5 -54.1 ·57.51 ·45.11 -48.42 ·33.62 -38.53 -37.13 
21 ·60.44 ·56.45 -52.85 ·43.86 ·51.77 ·53.68 -45.28 ·42.63 ·42.2 ·37.71 ·38.01 
22 ' -57.63 -55.3 ·48.81 ·44.12 -51.43 -52.04 ·43.85 ·44.06 ·33.77 ·33.08 ·33.33 
23 -50.75 ·50.46 ·47.47 -42.83 -43.8 ·47.81 ·43.52 ·44.54 ·38.15 -40.36 ·38.17 
=-~ · 43.1 -46.02 ·43.53 ·42.85 ·48.46 ·45.28 ·41.63 ·47.61 -38.12 ·33.44 ·38.16 
25 ·43.65 -46.07 ·42.03 ·41.11 ·41.83 ·45.64 ·42.26 ·43.28 -38.3 ·38.12 ·31.64 
20:. -48.71 ·43.63 ·41.35 ·33.57 ·47.83 ·46.11 ·42.53 ·48.25 ·38.58 ·38.6 ·36.82 
2i - ·48.46 -43.58 ·40.21 ·38.03 -40.46 ·45.58 ·41.3 ·43.63 -36.65 ·38.87 ·37.2 
2a -48.81 ·43.74 -38.27 ·36.33 ·36.22 ·45.55 ·42.31 ·40.4 ·36.03 ·38.85 ·35.28 
2S ·48.37 ·43.3 ·38.32 ·36.35 ·35.68 ·42.51 ·42.34 ·45.17 -40 ·38.13 ·36.66 
~ ' -48.42 ·43.35 ·38.08 -36.12 ·34.35 ·33.18 -40.61 -46.24 ·35.78 -35.61 ·36.54 
_31 J ·48.07 -43.11 ·38.14 ·34.78 ·34.Q1 ·35.75 ·40.28 ·47.62 ·34.55 ·34.63 ·33.12 
32 -43.63 -42.56 -33.2 ·32.74 ·32.28 -34.41 ·33.75 ·48.03 ·34.53 ·41.07 -31 
~ -54.18 ·43.32 ·31.86 ·35.6 ·32.54 ·32.48 ·38.02 ·45.36 ·35.7 ·40.24 ·30.58 
34 ' -55.53 ·52.38 ·40.22 ·35.66 ·30.81 ·31.15 ·37.83 ·43.74 ·35.38 ·33.32 ·31.57 
~5- -35.18 ·55.63 ·43.08 ·34.32 ·30.61 -30.42 ·37.46 ·33.51 ·33.55 ·38.8 ·38.35 
36 -35.24 ·32.03 ·48.74 ·33.53 -31.53 ·30.38 ·37.43 ·38.88 ·34.03 ·35.38 ·41.73 
37 ·36.23 -32.34 ·31.03 ·33.85 -n ·31.75 ·35 ·38.15 ·35.31 ·33.06 ·33.01 
_38 ' ·36.04 -32.3 ·30.55 ·36.11 ·33.06 ·30.52 ·30.81 ·34.63 ·31.38 ·32.84 ·41.13 
33 ·35.1 ·33.05 ·72.61 -40.17 ·34.53 ·30.58 ·28.84 ·34.7 ·23.86 ·32.11 ·36.41 
40 -34.85 -33.71 ·60.07 ·38.33 ·32.33 ·31.85 ·23.01 ·35.87 ·23.33 ·31.53 ·36.85 
41 ·66.4 ·83.37 ·41.33 ·36.63 ·31.36 ·30.72 ·30.08 ·33.34 ·31.31 ·31.57 ·34.33 
42 ·63.06 ·52.32 ·50.43 ·23.35 ·31.02 ·23.43 ·31.15 ·30.42 ·30.58 ·23.45 ·31.31 
43 -67.21 -41.68 ·47.35 ·32.72 -28.18 ·28.55 -31.22 ·28.73 ·30.76 ·30.53 ·23.33 
44 -60.06 -38.73 ·41.61 ·33.78 ·24.65 ·28.02 ·30.2S ·27.66 ·30.33 ·23.5 ·27.68 
45 -58.32 -3•U3 ·38.26 -40.74 ·23.21 ·27.73 ·28.36 ·23.23 ·23.01 ·23.08 ·27.66 
.:... 4€. ' ·51.27 ·32.05 ·33.32 -42.2 ·23.38 ·26.85 ·27.33 ·23.31 ·28 .38 ·23.56 ·27.24 
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~ 1 -43.87 -43.33 -38.21 -35.34 -35.16 -33.08 -38.2 -45.42 -31.04 -36.67 -32.53 
- -~2...: -53.52 -44.54 -33.26 ·36.28 -33.8 -31.32 ·36.43 ·43.35 ·33.37 -36.23 ·32.71 
. .:3LI -56.38 -43.23 -40.31 -36.42 -3t24 -30.15 -35.87 -42.78 -35.33 -38.01 -32.72 
_il4 J -53.73 -54.54 -44.65 -36.16 -30.48 -30.23 -34.3 -33.61 -33.32 -36.33 -32.64 
35 I -77.13 -58.33 ·43.6 ·33.61 ·30.31 ·30.32 ·36.13 ·37.24 -32.04 ·32.85 -34.46 
- i_o; _1 -30.54 -81.34 ·51.75 ·3·U5 ·31.85 -32.06 ·36.36 ·35.66 ·32.87 · 34.77 ·35.68 
37 -31.03 -85.83 ·70.83 -36.33 -32.03 -23.63 ·33.23 ·36.73 -32.53 ·30.83 -33.83 
38 i ·32.25 -86 .74 -78.34 ·43.83 -34.83 ·30.43 -26.12 ·32.32 ·23.72 ·30.11 -37.61 
33 ·33.8 -87.53 ·17.18 -43.18 -34.47 -30.66 ·26.66 -32.35 ·27.64 ·28.83 ·36.23 
40 ' -33.35 -83.14 -70.83 ·43.62 ·32.71 ·30 ·28.23 -33 .18 ·28 .87 ·31.56 ·35.64 
41 ' 
42 ' 
4? j 
44 
"""is ~ 
-63.81 ·88.33 -56.18 ·47.26 ·31.05 
-61.36 -62.14 -54.52 -31.31 -31.03 
-61.01 -41.13 -50.77 ·30.85 ·23.33 
·63.77 ·40.54 -44.52 -36.33 ·26.27 
-65.12 -38.23 ·38.36 ·41.83 -24.6 
46 ' ·63.17 ·33.34 ·38.71 ·43.08 ·24.64 
-28.53 ·23.22 ·31.61 ·23.13 ·26.38 
·23.17 ·23.65 ·27.53 -27.82 -27 
·23.7 ·28.38 ·27.36 ·30.24 ·26.82 
·27.54 -28.12 -26.63 -27.36 ·27.84 
·27.38 ·27.25 ·21.42 -25.03 ·26.36 
·26.41 -25.68 ·27.65 ·27.31 ·27.38 
·31.46 
·28.58 
·26.1 
·26.01 
-25.33 
·24.85 
L , 
4 
5 _. 
6 I 
7 _, 
8 
9_ 
10 
11 
:::_g] 
Jl.. 
-~ 
_ 1~ 
17 
j~ _' 
19 
i!u 
_11 __ , 
?L 
_?_3_ 
24 ' 
-~-" 
- ~-
27 
- f8_ 
~~ 
30 
31 
_32 
33 
. 34 I 
35 
36 
37 ' 
38 
39 
_43_ 
A 
28.8 
30.7 
32.9 
35.2 
36.4 
39.3 
42 
44.5 
46 
49 
55.3 
55.9 
65.4 
81.5 
90.6 
114.9 
113.2 
117 
116.4 
117.2 
117.6 
115 
114.1 
114.9 
114.3 
114.3 
114.3 
114 
114 
113.5 
113 
112.7 
112.7 
69.9 
56.5 
52.5 
47.9 
40 
32.6 
28.5 
27.4 
24.6 
22.5 
21.5 
25.1 
23.1 
_B_ .. __ f:_ 
36 
38 
40 
41.4 
40.6 
43.5 
44.8 
47 
48.9 
50.3 
55 
55.3 
64.5 
68.3 
88.6 
97 
115.5 
117.4 
118.6 
119 
119.5 
118 
117.5 
116.4 
115.2 
114.6 
114.2 
114.9 
115.4 
113.5 
113 
112 
109.1 
62.3 
55.5 
53.6 
44.2 
40.1 
38.9 
38.6 
35.1 
29.5 
27.7 
25 
23.3 
23.1 
30.2 
31.2 
32 
33.5 
34.9 
36.8 
40 
43.2 
43.8' 
50.7 
54.2 
57.5 
61.3 
65.6 
72.3 
84 
114 
117.6 
121.9 
122.4 
122.2 
121 
117.5 
114.6 
116 
116 
115.7 
115.4 
116.5 
113.9 
113 
107.8 
100 
75.1 
51.5 
50.5 
44.5 
43.6 
35.5 
35.4 
36.5 
38.9 
43.9 
39.4 
38 
36 
.D 
29.4 
31 
32.5 
32.9 
36.4 
37.5 
39.3 
40.5 
44 
48 
58.4 
59.7 
64.2 
70.7 
79.6 
89.1 
95.2 
127.2 
127.2 
124.2 
122.2 
121.4 
119 
119 
117.4 
115 
114.7 
115.3 
115 
112.2 
112.7 
111.1 
104 
53.3 
48.2 
41.2 
37 
34.1 
26.6 
25.1 
25.3 
24.4 
21.8 
19.3 
16.8 
17 
E 
32.3 
42.7 
41.6 
50.9 
61.6 
61.9 
66.2 
65.7 
66.9 
67.2 
66.9 
67.9 
71.3 
78 
80 
90.7 
91.9 
124.2 
125.2 
123.2 
123.2 
117.7 
113.6 
112.5 
114 
111.1 
112.7 
112.1 
112 
110.3 
104.5 
106.7 
57.1 
48.5 
42.9 
38.9 
38 
33.5 
32 
28 
22.5 
20.9 
18.3 
17 
18.1 
17 
39.5 
32.7 
32.5 
33.6 
34.7 
37.4 
38.2 
40.2 
43.6 
45.1 
50 
54.1 
102.5 
111 
113.9 
113.8 
116.9 
113.3 
86.4 
84 
100 
89.6 
84.9 
102.2 
109.7 
109 
110.3 
112.6 
110.2 
103 
100 
97.5 
63 
47.3 
43.6 
41.4 
38.3 
31.6 
27.5 
22.4 
20.5 
19.2 
19.2 
19.1 
18 
18.3 
27.6 
27.8 
27 
29.8 
32.5 
34.2 
36.8 
38.7 
40 
43.3 
45.6 
52 
63.8 
71.3 
75 
76.1 
75.8 
74.8 
69.4 
67.2 
67.3 
74.3 
74.2 
83.4 
94.9 
99.4 
106.5 
105.1 
105.2 
104 
100.4 
95.6 
68.9 
60.4 
50.9 
42 
36.6 
35.2 
30.7 
29.8 
29.7 
31.1 
29.6 
23.6 
22.1 
22.1 
. .ti·-'--·-· 
32.4 
30.3 
38.7 
41.8 
49.7 
50.6 
55.4 
60.5 
60.9 
63.5 
67.5 
67 
81.2 
84 
82.9 
75 
72 
63.1 
58.5 
56.6 
60.1 
61.5 
68.6 
75.1 
78.6 
82.2 
87.6 
96.5 
96 
96.9 
98 
97.5 
96.9 
68.5 
58.9 
44 
41.1 
41.9 
44.5 
46 
37.3 
36 
32.9 
32.7 
27.8 
24.9 
27.7 
28.4 
29.9 
33.2 
36.1 
37.8 
39.9 
41.7 
47 
58.5 
61 
65.1 
69.1 
69.3 
69.9 
66.4 
66 
52.5 
51.2 
51.5 
51.2 
52 
53.5 
55.3 
70.2 
72.7 
80.1 
75.4 
78.4 
86 
92.6 
92.6 
91.7 
67.7 
51.4 
43.4 
38.4 
36.1 
32.4 
24.4 
24.1 
19.8 
19.8 
19.2 
18 
25.8 
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28.2 
30.3 
33.5 
36.5 
40.1 
43.1 
45.2 
49.9 
58 
64.6 
64.8 
66.5 
65.4 
61.2 
60.6 
54.6 
54 
51.5 
48.3 
46.5 
50.4 
49 
47.5 
47.2 
45 
45.7 
45.8 
47.5 
50.9 
54.8 
61 
93.3 
88.4 
89.5 
89.6 
89.6 
90.5 
64.6 
59 
56.5 
54.9 
51.7 
45.8 
46.7 
43 
22.6 
27.4 
32.8 
45.1 
51 
50.5 
49.6 
49.6 
51.1 
52.2 
55.5 
57.6 
59.6 
56.1 
53.5 
56.6 
54.5 
61 
60.4 
59.4 
47.9 
46.8 
45.5 
44.3 
41.3 
40.6 
40.6 
41.1 
41.3 
41.5 
43 
45.7 
49.8 
85.4 
84 
85.5 
85.2 
57.8 
49 
40.7 
36.5 
32 
26.4 
22.1 
15.4 
12.7 
14.1 
Cree~ 1 Head 
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_ A__ B ,__c__ __o ______ L _L_ F ______ §__~ __ t:j_ _ __, _____ l ____ J __ ,_ __K__' __ L __ !:1__ __ N _ __j___g __ :
-36.7888 -44.0905 -38.3921 -37.6937 -40.6954 -47.997 -36.1986 -4l1002 -36.5019 -37.1035 -36.4051 
_ ? -- -38.696 -46.0968 -39.3976 -39.2984 -51.0992 -41.2001 -36.4009 -39.0017 -37.2025 -39.2033 -41.8041 
3 
4 5 I 
_j-~1 
- 7 -
L 
9 
_\Q_' 
_)L. 
J£ 
!L 
14 
_15_1 
!L 
_ !L_I 
JL 
19 
::1D 
21 
22' 
2:)"i 
_2~ 
25 i 
_?6_1 
27 
28 I 
_ 29 ~I 
30 
JC 
-40.9031 -48.1031 -40.2031 -40.8031 -50.0031 -41.0031 -35.6032 -47.4032 -38.7032 -42.4032 -54.1032 
-43.2102 -49.5094 -41.7086 -41.2078 -59.307 -42.1062 -38.4054 -50.5046 -42.0038 -45.403 -60.0022 
-44.4174 -48.7158 -43.1142 -44.7125 -70.0109 -43.2093 -41.1077 -58.4061 -44.9045 -49.0029 -59.5013 
-47.3245 -51.6221 -45.0197 -45.8172 -70.3148 -45.9124 -42.81 -59.3076 -46.6051 -52.0027 -58.6003 
-50.0316 -52.9284 -48.2252 -47.6219 -74.6187 -46.7155 -45.4123 -64.109 -48.7058 -54.1026 -58.5993 
-52.5388 -55.1347 -51.4307 -48.8267 -74.1226 -48.7186 -47.3145 -69.2105 -50.5065 -58.8024 -60.0984 
-54.0459 -57.0 411 -52.0362 -52.3314 -75.3265 -52.1217 -48.6168 -69.612 -55.8071 -66.9023 -6l1974 
-57.053 -58.4474 -58.9417 -56.3361 -75.6304 -53.6247 -51.9191 -72.2134 -67.3078 -73.5021 -64.4964 
-63.3602 -63.1537 -62.4472 -66.7408 -75.3343 -58.5278 -54.2214 -76.2149 -69.8084 -73.702 -66.5955 
-63.9673 -63.46 -65.7527 -68.0455 -76.3382 -62.6309 -60.6236 -75.7164 -73.9091 -75.4018 -68.5945 
-73.4744 -72.6663 -69.5583 -72.5502 -79.7421 -111.034 -72.4259 -89.9178 -77.9097 -74.3016 -65.0936 
-89.5816 -76.4727 -73.8638 -79.0549 -86.446 -119.537 -79.9282 -92.7193 -78.1104 -70.1015 -62.4926 
-98.6887 -96.779 -80.5693 -87.9596 -88.4499 -122.44 -83.6305 -91.6208 -78.711 -69.5013 -65.5916 
-122.996 -105.185 -92.2748 -97.4643 -99.1538 -122.343 -84.7327 -83.7222 -75.2117 -63.5012 -63.4907 
-121.303 -123.692 -122.28 -103.569 -100.358 -125.446 -84.435 -80.7237 -74.8124 -62.901 -69.9897 
-125.11 -125.598 -125.886 -135.574 -132.662 -121.849 -83.4373 -71.8252 -61.313 -60.4009 -69.3887 
-124.517 -126.804 -130.191 -135.578 -133.665 -94.9525 -78.0396 -67.2266 -60.0137 -57.2007 -68.3878 
-125.324 -127.211 -130.697 -132.583 -131.669 -92.5556 -75.8418 -65.3281 -60.3143 -55.4006 -56.8868 
-125.731 -127.717 -130.502 -130.588 -131.673 -108.559 -75.9441 -68.8295 -60.015 -59.3004 -55.7859 
-123.139 -126.223 -129.308 -129.793 -126.177 -98.1618 -82.9464 -70.231 -60.8156 -57.9003 -54.4849 
-122.246 -125.73 -125.813 -127.397 -122.081 -93.4648 -82.8487 -77.3325 -62.3163 -56.4001 -53.2839 
-123.053 -124.636 -122.919 -127.402 -120.985 -110.768 -92.0509 -83.8339 -64.117 -56.1 -50.283 
-122.46 -123.442 -124.324 -125.807 -122.489 -118.271 -103.553 -87.3354 -79.0176 -53.8998 -49.582 
-122.467 -122.849 -124.33 -123.411 -119.593 -117.574 -108.055 -90.9369 -81.5183 -54.5997 -49.581 
-122.474 -122.455 -124.035 -123.116 -12l197 -118.877 -115.158 -96.3383 -88.9189 -54.6995 -50.0801 
-122.181 -123.161 -123.741 -123.721 -120.6 -121.18 -113.76 -105.24 -84.2196 -56.3993 -50.2791 
-122.189 -123.668 -124.846 -123.425 -120.504 -118.783 -113.862 -104.741 -87.2202 -59.7992 -50.4782 
-121.696 -121.774 -122.252 -120.63 -118.808 -111.586 -112.665 -105.643 -94.8209 -63.699 -51.9772 
-121.203 -121.28 -121.358 -121.135 -113.012 -108.59 -109.067 -106.744 -101.422 -69.8989 -54.6762 
32 -120.91 -120.286 -116.163 -119.54 -115.216 -106.093 -104.269 -106.246 -101.422 -102.199 -58.7753 
33 : -120.917 -117.393 -108.369 -112.444 -65.62 -715957 -77.5714 -105.647 -100.523 -97.2986 -94.3743 
34 ' -78.1242 -70.5991 -83.474 -61.749 -57.0239 -55.8988 -69.0737 -77.2486 -76.5235 -98.3984 -92.9733 
_25_- -64.7313 -63.8055 -59.8796 -56.6537 -51.4278 -52.2019 -59.576 -67.6501 -60.2242 -98.4983 -94.4724 
36 -60.7385 -61.9118 -58.8851 -49.6584 -47.4317 -50.0049 -50.6782 -52.7515 -52.2248 -98.4981 -94.1714 
37 -56.1456 -52.5181 -52.8906 -45.4631 -46.5355 
38 ' -48.2527 -48.4244 -51.9961 -42.5678 -42.0394 
-~ i -40.8599 -47.2307 -43.9016 -35.0725 -40.5433 
-46.908 -45.2805 -49.853 -47.2255 -99.398 -66.7705 
-40.2111 -43.8828 -50.6545 -44.9261 -73.4978 -57.9695 
-36.1142 -39.3851 -53.2559 -41.2268 -67.8977 -49.6685 
40 ' -36.767 -46.9371 
.JiJ -35.6741 -43.4434 
4L -32.8813 -37.8497 
-43.8071 -33.5772 -36.5472 -31.0173 -38.4873 -54.7574 -33.2275 -65.3975 -45.4676 
-44.9126 -33.7819 -31.0511 -29.1204 -38.3896 -46.0589 -32.9281 -63.7974 -40.9666 
-47.3181 -32.8866 -29.455 -27.8235 -39.7919 -44.7603 -28.6288 -60.5972 -35.365S 
43~ -30.7884 -36.056 -52.3237 -30.2913 -26.8589 -27.8265 -38.2942 -41.6618 -28.6294 -54.697 -31.0647 
.i 4_j -29.7955 -33.3624 -47.8292 -27.796 -25.5628 -27.7296 -32.2964 -41.4633 -28.0301 -55.5969 -24.3637 
45 ; -33.4027 -31.6687 -46.4347 -25.3007 -26.6667 -26.6327 -30.7987 -36.5647 -26.8307 -51.8967 -21.6627 --~  -31.4098 -31.475 -44.4402 -25.5054 -25.5706 -26.9358 -30.801 -33.6662 -34.6314 -31.4966 -23.0618 
Creek 1 Head 
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_4 
- ~ 
6_ 
_L: 
8_1 
9_ 
)0_ 
J1 
_IL: 
1~ ! 
_1~-
15 
1s-· 
JlJ 
J.8 ' 
1L 
2Q 
21 ' 
~2 
2~­
~4 
25 
26 
27 
~~~ 
29 
30_ 
_11 ' 
~ 
_ _31_ 1 
- ~~­
~~-
3§_ ' 
3l_ 
38 
39 I 
-.j(jl 
_!1 ' 
_!? I 
. _43_, 
44 
~§ 
46 
('. _ ;L. '-
25.5 31.9 
27.6 33.5 
29.5 36.1 
32.6 
33.9 
35.5 
40.3 
41.5 
42.5 
44.7 
48.5 
52.6 
69.4 
78.3 
84.1 
110.3 
111 
109.1 
108.6 
110 
110.3 
110.6 
109.5 
110.1 
109 
108.1 
107.1 
104.6 
104.8 
104.6 
105.2 
104.9 
104.1 
63.2 
53.5 
49.5 
37 
33.7 
28.5 
25.7 
24 
21.2 
19 
19.4 
19.3 
18 
37.3 
38.1 
41.1 
42.1 
45 
46.8 
48.2 
49.6 
54.5 
63.3 
79 
85.3 
115.2 
115.1 
113.4 
115 
113.7 
113.5 
114 
112.5 
112.1 
108.2 
105.9 
108.3 
106.8 
105.6 
104.5 
104.1 
104.8 
104.6 
54 
54 
45.5 
40.1 
39.9 
38 
34.5 
34.2 
25.7 
23.5 
23.5 
19.3 
20.2 
~;_ _L _ o __ 
27.5 25.7 
29 28.1 
29.6 30.1 
31 
36 
37.1 
43.2 
44.5 
46.2 
49.5 
52.1 
54.3 
61 
67.6 
81.9 
88.9 
117.2 
115.3 
115 
115.8 
115 
114.5 
114.3 
114.2 
115.1 
112.2 
109.5 
107.6 
107.5 
108 
107.5 
105 
96.2 
61 
48.1 
45.6 
40.4 
39.7 
32 
34.8 
37.3 
38.5 
39.2 
37 
36.2 
34.3 
29.9 
33.6' 
35.2 
37 
40 
43.3 
45.9 
53.4 
55.5 
62.2' 
65.1 
75.6 
81.5 
99.3 
113.6 
123.7 
123.1 
119.9 
116.9 
114.2 
112.9 
111 
109.9 
107.6 
106.9 
107.6 
108.2 
105.5 
104.5 
101 
54.5 
42.3 
39.1 
32.3 
28.2 
24.2 
23.6 
21.7 
19.6 
17 
15 
14.1 
14.5 
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37.8 36.2 23.4 
40.7 29.8 24.7 
46.1 30.4 25.5 
54.6 
61 
61.5 
61.4 
61.5 
61 
61.5 
62 
63.2 
67.6 
75.3 
81.1 
99.8 
127.1 
128.6 
131.7 
128.6 
121 
120 
117.9 
111.5 
109 
108.5 
108.2 
106.2 
105.2 
103.1 
101.9 
100.9 
54.4 
44.7 
42.4 
36 
34.6 
30.2 
26 
25.5 
20.2 
18.3 
15.2 
15 
14.5 
15 
33.3 
33.1 
33.2 
35.6 
37 
39.7 
45 
47.3 
54.7 
110.9 
113.3 
113.8 
116.7 
120.5 
118.8 
111.1 
106.4 
94 
90.5 
88.2 
99.1 
105.7 
104.5 
104.4 
105 
104 
102 
97.7 
94.5 
61.9 
45.5 
41.2 
37.6 
31.9 
27.8 
23.1 
18.6 
18 
16.7 
16.5 
16.5 
15.5 
15.9 
29.1 
30.2 
32.1 
45.5 
40.4 
41.8 
41.1 
45.2 
53 
62.9 
75.9 
76 
77 
74 
70.9 
63.1 
62 
62.2 
67.8 
71.4 
76 
89.6 
96 
101.7 
100 
101.5 
100.3 
96.1 
93.2 
69.6 
53.8 
44 
37 
34.6 
32 
28.6 
27.1 
26.5 
28 
27 
22.7 
21.5 
20.1 
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25.9 25.9 25.9 Creok 1 Ho•d 
34.2 27 30 Oat•• Aug 28, 2009 
38.2 31.1 31.4 45.1 "raw d•ta, measured in em 
44.8 
48.1 
51.5 
52.3 
57.3 
57.5 
60 
60.5 
63.6 
74.3 
84.5 
82.3 
72.4 
69 
58.1 
56.1 
53.5 
55.4 
57.5 
63.2 
71.8 
72.8 
78.6 
82 
86.1 
91.4 
91.4 
92.4 
93.6 
71.2 
54.4 
43.9 
39.9 
38.1 
39 
42.3 
42.6 
35.6 
33.3 
30.7 
27 
24.3 
22.1 
33 
34.7 
36 
37.4 
40.4 
45.5 
57.3 
59.5 
64.2 
69.7 
66.3 
70.1 
68.2 
57.2 
47 
48.1 
44.5 
47.6 
48.2 
51.5 
60.8 
67.4 
70.9 
72.4 
71.6 
78.4 
88.8 
87.2 
90.2 
92.1 
56.1 
48.7 
42.3 
35.7 
34.6 
23.6 
21.7 
18.5 
18.1 
18.5 
17.6 
17 
26.7 
34 
40 
41.9 
41.1 
56 
60.2 
66.3 
65 
65.1 
63.3 
61.1 
60.7 
54.5 
48.1 
45.4 
45.4 
44.6 
45.5 
43.9 
43.3 
43.1 
43.7 
45.4 
48 
48.7 
50.8 
56.3 
60.7 
85.1 
86.3 
86.7 
87.9 
90.9 
92.8 
60 
48.5 
47.7 
47.5 
48.4 
45.5 
47.~ 
43.~ 
19.1 
48.4 
50.1 
48.7 
49.9 
52.5 
52.1 
55.4 
54.4 
56.4 
51.7 
49.2 
56.6 
58.9 
59.1 
57.4 
49.2 
44.1 
42.9 
41.5 
40.2 
37.2 
37.7 
38.3 
38.3 
39 
39.4 
40.5 
42.7 
48.9 
79.7 
80.9 
82 
81.2 
52.2 
47.4 
41.9 
33.3 
31.4 
24.3 
17.6 
13.4 
11.4 
10.1 
178 
___ .f.,_ __s_' __ !;__L q__ __ ~ ___ ~;, _' __ F__ .l _ _ g __ J _ _H __ L ..l __ ,__~ __ :__ K ___ 1 __ L._L ~ -.L N _ _L _.Q__j 
__ 1 - -42.159 -48.5069 -44.0548 -42.2027 -54.2506 -52.5985 -39.7464 -42.1943 -42.1422 -42.0901 
2_ -44.2363 -50.083 -45.5297 -44.5764 -57.1231 -46.1698 -41.0165 -50.4632 -43.2099 -46.1566 
;J I -46.1136 -52.6591 -46.1046 -46.5501 -62.4956 -46.7411 -41.7866 -54.432 -47.2775 -47.523 -61.1685 
_'\. . -49.191 -53.8352 -47.4795 -46.3238 -70.9681 -49.6124 -45.3566 -61.0009 -49.1452 -50.0895 -64.4338 
_ 5_ -50.4683 -54.6114 -52.4544 -49.9975 -77.3406 -49.3837 -46.4267 -64.2698 -50.8129 -56.0559 -66.099 
§ -· -52.0456 -57.5875 -53.5293 -51.5712 -77.8131 -49.4549 -48.2968 -67.6387 -52.0805 -57.9224 -64.6643 
_7 _, -56.823 -58.5636 -59.6043 -53.3449 -77.6856 -51.8262 -61.6669 -68.4076 -53.4482 -57.0889 -65.8295 
_8 -58.0003 -61.4397 -60.8792 -56.3186 -77.7581 -53.1975 -56.537 -73.3764 -56.4159 -71.9553 -68.3948 
9 -58.9776 -63.2159 -62.5541 -59.5923 -77.2306 -55.8688 -57.9071 -73.5453 -61.4836 -76.1218 -67.96 
!Q _ -61.155 -64.592 -65.829 -62.1661 -77.7031 -61.1401 -57.1772 -76.0142 -73.2512 -82.1883 -71.2253 
1~ -64.9323 -65.9681 -68.4039 -69.6398 -78.1756 -63.4114 -61.2472 -76.4831 -75.4189 -80.8547 -70.1905 
_12 -69.0096 -70.8442 -70.5789 -71.7135 -79.3481 -70.7827 -69.0173 -79.5519 -80.0866 -80.9212 -72.1558 
- 13 l -85.787 -79.6204 -77.2538 -78.3872 -83.7206 -126.954 -78.8874 -90.2208 -85.5542 -79.0876 -67.4211 
14 -94.6643 -95.2965 -83.8287 -81.2609 -91.3931 -129.325 -91.8575 -100.39 -82.1219 -76.8541 -64.8863 
-1~] -100.442 -101.573 -98.1036 -91.7346 -97.1656 -129.797 -91.9276 -98.1586 -85.8896 -76.4206 -72.2516 
1.§__ -126.619 -131.449 -105.079 -97.6083 -115.838 -132.668 -92.8977 -88.2275 -83.9572 -70.187 -74.5168 
17 -127.296 -131.325 -133.353 -115.382 -143.111 -136.439 -89.8678 -84.7963 -72.9249 -63.7535 -74.6821 
::JU -125.374 -129.601 -131.428 -129.656 -144.583 -134.71 -86.7378 -73.8652 -62.6926 -61.0199 -72.9473 
.!!l -124.851 -131.177 -131.103 -139.729 -147.656 -126.982 -78.9079 -71.8341 -63.7602 -60.9864 -64.7126 
__ go_ -126.228 -129.853 -131.878 -139.103 -144.528 -122.253 -77.778 -69.203 -60.1279 -60.1529 -59.5778 
21 • -126.506 -129.629 -131.053 -135.877 -136.901 -109.824 -77.9481 -71.0718 -63.1956 -61.0193 -58.3431 
1.2_ -126.783 -130.105 -130.528 -132.851 -135.873 -106.296 -83.5182 -73.1407 -63.7633 -59.3858 -56.9083 
2~ I -125.66 -128.582 -130.303 -130.124 -133.746 -103.967 ·87.0883 -78.8096 -67.0309 -58.7523 -55.5736 
1_4_1 -126.238 -128.158 -130.178 -128.798 -127.318 -114.838 -91.6584 -87.3785 -76.2986 -58.5187 -52.5388 
_?~ I -125.115 -124.234 -131.053 -126.872 -124.791 -121.41 -105.228 -88.3474 -82.8663 -59.0852 -53.0041 
-f6-; -124.192 -121.91 -128.128 -125.745 -124.263 -120.181 -111.599 -94.1162 -86.3339 -60.7516 -53.5693 
.1Z_ -123.17 -124.286 -125.403 -123.419 -123.936 -120.052 -117.269 -97.4851 -87.8016 -63.3181 -53.5346 
_28_ -120.647 -122.762 -123.478 -122.693 -121.908 -120.623 -115.539 -101.554 -86.9693 -63.9846 -54.1999 
• 2!!..., -120.824 -121.538 -123.352 -123.367 -120.881 -119.595 -117.009 -106.823 -93.7369 -66.051 -54.5651 
30 -120.602 -120.414 -123.827 -123.94 -118.753 -117.566 -115.779 -106.792 -104.105 -71.5175 -55.6304 
_3_l i -121.179 -119.991 -123.302 -121.214 -117.526 -113.237 -111.549 -107.761 -102.472 -75.8839 -57.7956 
32_, -120.856 -120.667 -120.777 -120.188 -116.498 -110.009 -108.619 -108.929 -105.44 -100.25 -63.9609 
~ I -120.034 -120.443 -111.952 -116.661 -69.9706 -77.3799 -84.9891 -86.4984 -107.308 -101.417 -94.7261 
1L -79.111 -69.819 -76.727 -70.1351 -60.2431 -60.9512 -69.1592 -69.6672 -71.2753 -101.783 -95.8914 
35 ' -69.3883 -69.7951 -63.802 -57.9088 -57.9156 -56.6225 -59.3293 -59.1361 -63.843 -102.95 -96.9566 
-~~ I -65.3656 -61.2712 -61.2769 -54.6825 -51.4881 -52.9938 -52.2994 -55.105 -57.4106 -105.916 -96.1219 
. 3L -52.843 -55.8474 -56.0518 -47.8562 -50.0606 -47.265 -49.8695 -53.2739 -50.7783 -107.783 -67.0871 
38 -49.5203 -55.6235 -55.3267 -43.7299 -45.6331 -43.1363 -47.2395 -54.1428 -49.646 -74.9492 -62.2524 
_39 ~ -44.2976 -53.6996 -47.6016 -39.7036 -41.4056 -38.4076 -43.8096 -57.4116 -38.6136 -63.4156 -56.7176 
40 -41.475 -50.1758 -50.3765 -39.0773 -40.8781 -33.8789 -42.2797 -57.6805 -36.6813 -62.5821 -48.0829 
41 -39.7523 -49.8519 -52.8515 -37.151 -35.5506 -33.2502 -41.6498 -50.6494 -33.449 -62.3486 -46.1482 
42 ' -36.9296 -41.328 -54.0264 -35.0248 -33.6231 -31.9215 -43.1199 -48.3183 -33.0166 -63.215 -39.0134 
43 -34.707 -39.1041 -54.7013 -32.3985 -30.4956 -31.6928 -42.09 -45.6871 -33.3843 -60.2815 -32.2787 
_ :ij 1 -35.0843 -3s.o8o3 -52.4762 -30.3722 -30.2681 -31.6641 -37.7601 -41.956 -32.452 -62.2479 -28.0439 
45 -34.9616 -34.8564 -51.6511 -29.4459 -29.7406 -30.6354 -36.5301 -39.2249 -31.8197 -58.2144 -26.0092 
46__ -33.639 -35.7325 -49.726 -29.8196 -30.2131 -31.0067 -35.1002 -36.9938 -41.4873 -33.7809 -24.6744 
Creek 1 Head 
Date, Aug 28, 2009 
aol~veled data, measured in em 
- _A_ 
25.4 
26.4 
. 3 .J 29.2 
4 32 
- ~ 34.2 
36 
7_ 40.5 
8 41.4 
9 - 44.3 
10_ 47.4 
11 
30_ 
31 
32 
33 
34 I 
35 
2 s _I 
_37 · 
38 
- 4~ 
41 
42_ 
43_ 
49.1 
52.6 
59.8 
76.4 
85.6 
107.1 
108.4 
109 
107.8 
106.9 
106.5 
105.6 
105.1 
103.9 
103.2 
103.2 
102.4 
101.4 
101.2 
100 
100.7 
101 
102.2 
61 
52.1 
42.9 
38.2 
34.7 
27.1 
25 
23.3 
21.8 
19.4 
18.2 
15.2 
19.1 
B 
31.1 
31 
33.9 
34.9 
36 
37.4 
40.4 
42.5 
44.2 
47.3 
50.6 
52.6 
62 
77.4 
87 
109.5 
109.1 
109.4 
109.7 
107.7 
107.9 
104.3 
104.1 
103.8 
103.5 
103.5 
102.1 
103.2 
101.4 
101.1 
102.3 
100.2 
104 
62 
55 
53.3 
39.4 
39.7 
38.3 
35.5 
34.2 
27.2 
27 
26.1 
21.1 
20.9 
c 
26.1 
28.1 
28.7 
31.7 
33.4 
35.4 
38.2 
40.7 
45.5 
49.5 
49.8 
54.5 
60.5 
58.7' 
76.2 
110.4 
111.9 
109.9 
110 
108.4 
108.4 
107.2 
106.3 
104.6 
103.4 
103.2 
104.4 
102.4 
103 
102.8 
103.5 
103 
92.3 
55.4 
47.8 
47.2 
36.7' 
36.3 
33.4 
36.3 
38 
38.2 
39.5 
37.2 
37 
35.5 
jJ_ 
24.4 
27.5 
28.5 
30.1 
33 
35.5 
37.1 
38.6 
42 
45.6 
49.7 
54.1 
60 
61 
75.4 
85.2 
111 
112.6 
113.4 
110.4 
109.8 
110.6 
107.5 
106 
103.2 
103 
102.7 
103.9 
102.1 
101.8 
100.5 
100.6 
98.7 
53.8 
44.9 
41.4 
33.8 
32 
25.3 
23 
22.2 
19.9 
19.9 
17.1 
14.8 
15.1 
_g_ _ _£ 
26.6 41.6 
35.4 28.5 
42.1 29.2 
44.6 29.5 
56.2 32.7 
59 32.9 
58.4 33.7 
56.7 42.7 
54.8 42 
57.6 46.8 
58.6 
60.2 
75.3 
79.8 
82.4 
100.8 
118.7 
119.8 
118.4 
117 
115.6 
114.4 
112.3 
108.2 
106.4 
104.9 
103.8 
103 
102.8 
100.1 
98.1 
97.9 
48.7 
45.9 
40 
34.4 
30 
30.7 
26.5 
25 
19.5 
17.2 
16.4 
15 
14.7 
15.7 
47 
58.1 
109.8 
113 
113.9 
115.3 
117.3 
117.8 
115 
103.7 
81 
81 
83.1 
101.4 
99.7 
100.3 
100.2 
100.8 
109.2 
109.3 
107.9 
94.7 
92.9 
54.2 
39.3 
38.3 
35.4 
26.3 
23 
19.2 
17 
16.3 
17.1 
14.9 
15.6 
15.7 
___ G 
23.6 
23 
23 
25.6 
29.7 
33.1 
39.9 
41.9 
42.2 
42.5 
45.5 
48.6 
62 
72 
78.2 
83.~ 
105.6 
71.3 
62.5 
59.6 
61.6 
63.2 
68.4 
71.8 
82.8 
91.9 
96.2 
96.1 
96 
95 
95.5 
93.6 
72.8 
52.9 
45 
37.5 
33.8 
31.7 
28.7 
26.7 
25 
26.3 
24.5 
21.8 
22.1 
24.2 
252 
33 
41.9 
38.3 
47.6 
53.3 
54.1 
56.8 
55.6 
62.7 
65.6 
65 
83.8 
85.4 
84.6 
79 
69.5 
64.5 
63 
55.3 
54.1 
55.1 
66.9 
65.6 
68.8 
75.6 
79.4 
85.3 
87.2 
88 
882 
87.~ 
90.1 
64.5 
44.9 
39 
37.1 
37.3 
42 
41.4 
35 
31.8 
292 
29.4 
24.2 
.. 
24 
24.9 
27.4 
30.1 
31.3 
33.6 
34.8 
38.6 
45.4 
55.8 
59 
78.9 
82.3 
84.1 
80.3 
80.9 
54.5 
45.8 
45.3 
47 
50.9 
54.1 
53 
54.2 
60.1 
63.1 
68.2 
73.4 
81.6 
83 
83.5 
86.2 
83 
83.7 
49.9 
42.8 
33.7 
32.1 
25.2 
22.5 
20.1 
17.8 
18.4 
22.4 
16.2 
15.4 
23.5 
27.9 
30 
32.5 
34.9 
37.5 
39.7 
50.2 
58.4 
63.3 
65.3 
68.2 
64.9 
61 
55 
56.4 
49.8 
43.6 
42.1 
41.4 
42.3 
41.4 
43.6 
39.4 
40.6 
40.9 
44.9 
49.2 
53 
54.3 
59.4 
77.2 
76.4 
79.3 
81.3 
84.2 
85.5 
62.2 
48.6 
48.8 
45.9 
45.5 
43.2 
42 
27.9 
19 
26.1 
31.4 
48.3 
48.4 
49.3 
49.8 
50.3 
51.7 
50 
55.4 
55 
57.9 
49.8 
51.1 
55 
58.5 
58.6 
55.8 
50.2 
46.5 
38.4 
37.5 
36.9 
33.4 
34 
34.6 
35.4 
35.6 
36.8 
40.7 
56.6 
55.9 
76.8 
73.4 
73.8 
74.5 
50 
39.8 
37.5 
31.4 
25.5 
22 
17.9 
16 
13.1 
12.1 
Creek 1Head 
Date, Sept 14, 2010 
··r iW data, me-asure-d in em 
179 
~ - I 
-41.8 
-42.8 
-45.5 
-48.3 
-50.5 
-52.2 
-56.7 
-57.5 
-60.4 
-63.5 
-65.1 
-68.6 
-75.8 
-92.3 
-101.5 
-122.9 
-124.2 
-124.8 
-123.5 
-122.6 
-122.2 
-121.2 
-120.7 
-119.4 
-118.7 
-118.7 
-117.8 
-116.8 
-116.6 
-115.3 
-116.0 
-116.3 
-117.4 
-76.2 
-67.2 
-58.0 
-53.3 
-49.7 
-42.1 
-40.0 
-38.2 
-36.7 
-34.2 
-33.0 
-30.0 
-33.8 
_B _____ c _____ D . 
-47.7 
-47.5 
-50.4 
-51.3 
-52.4 
-53.8 
-56.7 
-58.8 
-60.5 
-63.5 
-66.8 
-68.8 
-78.1 
-93.5 
-103.1 
-125.5 
-125.1 
-125.3 
-125.6 
-123.6 
-123.7 
-120.1 
-119.9 
-119.5 
-119.2 
-119.2 
-117.7 
-118.8 
-117.0 
-116.6 
-117.8 
-115.6 
-119.4 
-77.4 
-70.3 
-68.6 
-54.7 
-54.9 
-53.5 
-50.7 
-49.3 
-42.3 
-42.1 
-41.1 
-36.1 
-35.8 
-42.8 
-44.8 
-45.3 
-48.3 
-50.0 
-51.9 
-54.7 
-57.2 
-61.9 
-65.9 
-66.2 
-70.8 
-76.8 
-75.0 
-92.4 
-126.6 
-128.1 
-126.0 
-126.1 
-124.5 
-124.4 
-123.2 
-122.3 
-120.5 
-119.3 
-119.1 
-120.2 
-118.2 
-118.7 
-118.5 
-119.2 
-118.6 
-107.9 
-71.0 
-63.3 
-62.7 
-52.2 
-51.7 
-48.8 
-51.7 
-53.3 
-53.5 
-54.8 
-52.4 
-52.2 
-50.7 
-41.3 
-44.3 
-45.3 
-46.9 
·49.7 
-52.2 
-53.8 
·55.2 
·58.6 
-62.2 
-66.2 
-70.6 
·76.5 
·77.4 
·91.8 
·101.6 
-127.3 
·128.9 
-129.7 
-126.6 
-126.0 
-126.8 
·123.6 
·122.1 
·119.3 
-119.0 
-118.7 
-119.9 
-118.0 
-117.7 
-116.4 
·116.4 
-114.5 
-69.6 
-60.6 
-57.1 
-49.5 
-47.6 
-40.9 
-38.6 
-37.7 
·35.4 
-35.4 
-32.6 
-30.2 
-30.5 
. 10 __ i_ J: __ , __ ~- ·- _ _!-!._ ______ _!_ _i_ __ ,i__ _L_IL_.l __ ~ _ __.:_ _ ___!:,1 __ , _N 
_ j) __ _ 
-43.6 -58.8 -40.9 -42.7 -41.6 -41.3 -44.0 
-52.4 -45.6 -40.3 -50.4 -42.5 -45.6 -49.3 
-59.0 
-61.5 
·73.1 
·75.9 
·75.2 
-73.5 
-71.6 
·74.3 
·75.3 
-76.9 
-91.9 
-96.4 
-99.0 
-117.3 
-135.2 
-136.3 
-134.8 
·133.4 
-132.0 
-130.8 
-128.6 
-124.5 
-122.7 
·121.1 
-120.0 
-119.2 
-118.9 
-116.2 
-114.2 
-113.9 
-64.7 
-61.9 
·55.9 
-50.3 
-45.9 
·46.6 
·42.3 
-40.8 
-35.3 
-32.9 
-32.1 
-30.7 
-30.3 
-31.3 
-46.3 
-46.6 
-49.7 
-49.9 
-50.7 
-59.7 
-58.9 
-63.7 
-63.9 
·74.9 
·126.6 
·129.8 
·130.6 
-132.0 
-134.0 
-134.5 
-131.6 
-120.3 
-97.6 
-97.5 
-99.6 
-117.9 
-116.1 
-116.7 
·116.6 
-117.2 
-125.5 
·125.6 
-124.2 
-110.9 
-109.1 
-70.4 
-55.4 
-54.4 
-51.5 
-42.4 
-39.0 
-35.2 
-33.0 
-32.2 
-33.0 
-30.8 
-31.5 
-31.5 
-40.3 
-42.8 
-46.9 
-50.3 
·57.0 
-59.0 
-59.3 
-59.6 
-62.5 
-65.6 
-79.0 
-88.9 
-95.1 
-100.3 
-122.5 
-88.1 
-79.3 
·76.4 
-78.3 
-79.9 
-85.1 
-88.5 
-99.4 
-108.5 
-112.8 
-112.6 
-112.5 
-111.5 
-112.0 
·110.0 
-89.2 
-69.3 
-61.4 
-53.8 
-50.1 
-48.0 
-44.9 
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15.5 
15.4 
15.7 
16.6 
17.5 
24.1 
23.6 
18.5 
18.2 
19.1 
19 
20.2 
19.4 
18.6 
18.3 
17.5 
16.1 
16 
19.6 
23.8 
18.2 
16.3 
16.6 
16.6 
17.1 
20.3 
20.8 
21.3 
21.1 
22 
20.5 
19 
17.6 
19.8 
19.3 
17.4 
18.3 
18 
17.1 
16.6 
15.5 
18 
17.7 
17.7 
20.4 
22.1 
17.6 
15.7 
16.5 
19.9 
18.2 
17.5 
16.6 
17 
17.5 
17.4 
18.9 
17.5 
21.5 
20.3 
19.2 
17.1 
17.8 
16.5 
20.3 
19.2 
16.5 
16.7 
16.6 
16 
16.3 
16 
16.1 
16.5 
15.7 
17.2 
20.3 
20.8 
23 
20.5 
17.4 
16.9 
15.6 
18.6 
19 
19.2 
18.7 
19 
16.8 
15.6 
15.8 
15.6 
16.3 nan 
18.2 
17.3 
19.7 
21 
22.5 
21.2 
21.7 
22.3 
21.5 
18.1 
17.2 
17.5 
16.8 
16.3 
16.4 
19.3 
22.2 
18.6 
18 
19.5 
16.2 
16.3 
16.3 
16 
16.3 
16 
15.4 
16.2 
17.1 
15.1 
15.6 
16 
16.1 
16.1 
16.1 
16.3 
16.7 
17.8 
17.4 
16 
16 
15.9 
16 
··raw data, measured in em 
A 
__ ! --
2 -26.7 
3 -27.7 
4_ -25.7 
-23.7 
6 -22.2 
_:Z::_l -22.3 
8 I -23.1 
--~-j -24.4 
_j _(! __ . -23.7 
_ _!1 __ . -23.8 
12 I -22.3 
13-! -29.3 
~] -29.2 
15 -24.2 
- 16 .: -27.6 
17 ' -29.1 
- is : -27.9 
19 : -29.1 
20 I -31.6 
:=llJ -30.7 
22 . -31.1 
?3 -30.7 
24 -20.1 
_?~~ -21.7 
2§ -21.0 
_2?_' 
28 ' 
-is 1 
3o J 
31 i 
{ J 
34 ' 
) §:_] 
36 
_17_1 
~~ 
--~ 
_j.Q_ , 
_ 41_ 1 
42 
431 
__ 14 -, 
~5 
46 i 
-22.5 
-21.8 
-25.0 
-25.6 
-25.7 
-22.8 
-22.0 
-22.4 
-21.5 
-21.6 
-21.2 
-21.3 
-21.3 
-20.7 
-19.7 
-20.4 
-19.9 
-17.9 
-22.6 
-25.3 
_EL 
-21.8 
-21.5 
-27.4 
-28.2 
-29.9 
-22.6 
-20.8 
-20.3 
-20.1 
-26.2 
-26.8 
-25.6 
-21.6 
-22.6 
-20.6 
-19.2 
-29.0 
-20.5 
-19.9 
-20.1 
-22.8 
-33.0 
-32.7 
-26.8 
-22.5 
-23.4 
-19.9 
-19.0 
-21.5 
-22.3 
-20.9 
-20.6 
-21.0 
-20.6 
-21.7 
-23.7 
-23.3 
-22.2 
-21.0 
-20.3 
-20.3 
-19.1 
-18.8 
-19.9 
-19.7 
-19.7 
C-~- ~ _[) - _ _:_ -~E ___ .L_ _f _ _j ___ G _ _l __ H 
-22.9 -31.4 -26.8 -26.6 -22.2 -22.9 
-22.7 -33.1 -26.8 -25.5 -22.7 -25.1 
-26.0 -31.1 -26.0 -24.9 -24.7 -26.1 
-29.3 -22.4 -29.0 -25.3 -27.8 -26.1 
-20.8 -21.6 -28.9 -22.3 -27.7 -27.4 
-21.6 -20.6 -21.4 -22.1 -24.8 -24.8 
-21.1 -21.8 -30.6 -23.9 -23.9 -22.8 
-21.0 -26.6 -29.7 -23.1 -23.5 -22.2 
-20.3 -22.9 -30.0 -22.4 -22.8 -22.9 
-22.0 -23.1 -30.0 -22.4 -21.8 -23.3 
-22.6 -34.8 -30.6 -22.1 -22.4 -22.4 
-21.6 -22.5 -31.7 -21.6 -22.0 -21.4 
-21.7 -21.7 -28.8 -22.4 -20.9 -21.4 
-21.8 -20.6 -28.7 -20.5 -22.4 -25.6 
-26.7 -21.9 -28.0 -20.6 -21.8 -27.1 
-27.5 -27.2 -20.5 -20.8 -23.3 -22.4 
-27.6 -27.0 -20.6 -20.1 -22.7 -20.5 
-20.9 -22.2 -27.2 -20.8 -21.2 -22.8 
-20.1 -21.1 -28.8 -21.7 -21.6 -29.6 
-20.0 -21.1 -26.3 -25.4 -22.5 -32.5 
-20.6 -21.5 -21.0 -26.3 -27.2 -21.7 
-21.4 -20.8 -22.1 -23.0 -26.8 -21.7 
-20.9 -20.8 -26.2 -28.0 -25.3 -23.9 
-21.4 -20.4 -26.8 -23.6 -22.9 -29.7 
-20.9 -26.6 -26.9 -23.7 -22.4 -29.5 
-19.5 -27.3 -28.6 -26.8 -22.2 -25.4 
-19.6 -20.9 -29.3 -26.2 -24.1 -20.7 
-20.0 -18.8 -23.9 -26.2 -25.4 -20.4 
-19.8 -20.6 -25.7 -26.1 -21.7 -21.4 
-20.0 -20.3 -21.8 -27.6 -21.2 -19.9 
-19.8 -20.5 -21.3 -22.9 -20.9 -20.5 
-19.9 -21.3 -21.5 -20.6 -21.6 -22.2 
-20.2 -20.5 -21.0 -20.4 -21.1 -21.4 
-20.3 -21.2 -20.9 -20.3 -22.2 -21.5 
-22.3 -22.2 -21.7 -21.1 -21.5 -20.7 
-23.3 -22.0 -21.1 -20.7 -21.4 -20.4 
-25.2 -20.6 -20.6 -20.7 -21.3 -20.9 
-21.8 -20.0 -20.6 -20.2 -20.5 -20.5 
-19.7 -20.1 -20.1 -21.2 -20.0 -20.2 
-20.4 -19.5 -20.5 -21.0 -20.3 -20.3 
-19.7 -19.1 -19.5 -20.6 -21.8 -20.3 
-19.9 -19.2 -19.2 -20.7 -24.0 -20.3 
-20.2 -19.7 -18.6 -20.0 -24.0 -20.2 
-19.9 -23.8 -19.5 -21.0 -22.6 -20.4 
-19.9 -21.5 -19.1 -23.7 -23.1 -21.3 
-20.4 -21.3 -19.6 -19.9 -23.9 -22.2 
184 
,1_ __ : ___ J __ i __ K ___ j__L _ _j _ _M_j ___ N __ I_...Q__j_ 
-31.8 -24.4 
-30.3 -24.0 
-29.7 -25.5 
-29.2 -23.8 
-24.1 -23.1 
-23.8 -22.1 
-24.6 -22.5 
-24.5 -23.0 
-25.7 -22.9 
-24.9 -24.3 
-24.0 -22.9 
-23.7 -26.9 
-22.9 -25.7 
-21.5 -24.5 
-21.3 -22.4 
-24.9 -23.1 
-29.1 -21.8 
-23.5 -25.5 
-21.5 -24.4 
-21.8 -21.7 
-21.8 -21.9 
-22.3 -21.7 
-25.4 -21.1 
-25.9 -21.4 
-26.4 -21.0 
-26.2 -21.1 
-27.1 -21.5 
-25.5 -20.7 
-24.0 -22.1 
-22.6 -25.2 
-24.8 -25.7 
-24.2 -27.9 
-22.3 -25.3 
-23.2 -22.2 
-22.9 -21.7 
-21.9 -20.4 
-21.4 -23.3 
-20.3 -23.7 
-22.8 -23.9 
-22.4 -23.4 
-22.4 -23.6 
-25.1 -21.4 
-26.8 -20.2 
-22.3 -20.4 
-20.3 -20.1 
-21.1 -20.8 
-24.4 
-23.8 
-22.9 
-25.3 
-26.5 
-28.0 
-26.7 
-27.1 
-27.7 
-26.9 
-23.5 
-22.5 
-22.8 
-22.1 
-21.5 
-21.6 
-24.5 
-27.4 
-23.7 
-23.1 
-24.6 
-21.3 
-21.3 
-21.3 
-21.0 
-21.2 
-20.9 
-20.3 
-21.1 
-21.9 
-19.9 
-20.4 
-20.7 
-20.8 
-20.8 
-20.8 
-20.9 
-21.3 
-22.4 
-22.0 
-20.5 
-20.5 
-20.4 
-20.4 
Creek 2 Branch 
Dateo May 13, 2008 
""le-veled data, measured in em 
185 
_ .A_ __ § __ -· __ c_ .J.. p __ 1 _ _; __ i _ _f_l ___ _!3 ___ ! ___ l:f ___ : __ !_ __ ~ ____ L _l ____ ILJ ... _!_j_~_...J. _ J~Ll__9 __ l 
_j_ 21.9 17.2 18.8 28.6 23.0 22.8 19.0 19.0 28.1 21.8 23.4 Creek 2 Branch 
_ 2~ 
.L ' 
4 
• 5 . I 
6 ; 
.3_··: 
a 
14 
t5_: 
16 I 
- 11_1 
18 . 
19 _ 
~-
21 
22 
23 
~4 
___ 25_ 
J]_ 
__ 28_ 
--~-' 
__ 30 ' 
_31_: 
_:g_.. 
--~~ 
.14. 
_3.£_j 
36 . 
37 
~ 
_39 
40 
41 
42 I 
43 ·I 
44 
45 : 
46 
21.9 
23.1 
21.4 
19.4 
18.4 
17.1 
18.5 
20.4 
19.0 
19.0 
18.0 
25.0 
23.5 
21.0 
25.0 
23.8 
21.3 
23.7 
24.4 
24.7 
24.5 
23.0 
14.5 
15.1 
14.9 
14.8 
17.6 
18.7 
18.8 
18.3 
17.3 
16.4 
16.7 
15.4 
14.8 
14.6 
15.7 
15.1 
13.5 
14.5 
14.4 
13.0 
12.3 
16.7 
18.5 
16.3 
23.4 
24.2 
23.6 
18.7 
15.7 
15.0 
14.6 
22.2 
22.2 
21.3 
16.2 
14.6 
13.8 
12.1 
12.5 
13.4 
14.5 
14.6 
16.9 
24.3 
24.4 
21.7 
18.2 
16.3 
14.0 
13.2 
14.7 
17.4 
14.4 
15.7 
15.2 
15.1 
16.1 
16.2 
16.4 
16.1 
15.2 
14.7 
14.1 
13.5 
13.2 
13.7 
13.7 
13.7 
18.9 
25.2 
26.0 
17.0 
16.4 
16.6 
16.9 
15.9 
15.9 
17.2 
17.0 
17.1 
i7.3 
22.0 
22.9 
23.3 
15.8 
15.2 
15.1 
15.6 
16.3 
16.3 
16.2 
15.8 
14.5 
14.7 
15.1 
15.7 
15.0 
15.0 
15.1 
14.7 
15.6 
17.1 
17.3 
18.3 
16.5 
15.1 
14.4 
13.3 
14.5 
14.2 
13.5 
13.6 
13.4 
28.9 
26.8 
17.9 
17.7 
16.6 
17.5 
20.6 
17.9 
20.2 
31.9 
28.9 
16.8 
16.0 
16.1 
23.4 
22.9 
17.9 
15.3 
16.5 
16.1 
15.9 
16.2 
15.2 
22.4 
22.1 
16.8 
15.5 
15.4 
15.0 
14.9 
12.4 
15.0 
14.8 
14.9 
15.5 
14.4 
14.0 
14.4 
13.7 
13.4 
13.3 
15.1 
18.2 
16.0 
15.5 
21.7 
20.1 
25.6 
18.5 
17.8 
18.2 
21.5 
26.3 
26.2 
27.0 
26.7 
25.0 
24.4 
24.3 
17.0 
17.2 
22.8 
23.1 
22.9 
18.5 
21.3 
22.4 
21.7 
22.5 
23.0 
23.6 
22.5 
20.9 
15.8 
16.3 
16.4 
16.0 
15.8 
16.6 
16.8 
15.7 
15.0 
15.0 
14.4 
14.5 
14.3 
14.4 
14.3 
14.6 
12.7 
20.8 
19.3 
22.2 
18.6 
18.1 
18.8 
18.9 
17.9 
17.8 
18.2 
17.5 
17.0 
16.4 
17.4 
16.8 
16.4 
16.3 
17.3 
18.2 
21.4 
18.1 
22.2 
20.1 
20.2 
22.7 
22.2 
21.4 
22.5 
21.9' 
20.0 
15.6 
14.4 
15.4 
15.6 
15.1 
15.5 
15.6 
16.1 
16.2 
15.1 
15.0 
15.0 
16.7 
18.5 
15.3 
18.3 
20.7 
25.0 
24.0 
20.2 
19.9 
19.3 
19.1 
18.0 
18.0 
17.5 
18.0 
17.6 
16.7 
19.9 
18.9 
16.2 
16.7 
17.1 
21.8 
23.7 
21.5 
19.8 
16.6 
17.0 
20.3 
20.6 
17.3 
16.7 
16.2 
16.8 
16.4 
16.0 
15.7 
10.3 
11.0 
14.0 
14.4 
14.8 
18.1 
18.8 
18.3 
18.4 
18.3 
16.1 
21.1 
22.2 
22.9 
24.0 
22.2 
21.3 
19.4 
18.7 
19.4 
18.5 
18.5 
17.4 
22.4 
22.3 
18.8 
16.8 
18.2 
26.3 
27.0 
18.8 
16.7 
25.0 
27.4 
25.9 
18.6 
16.0 
15.9 
15.7 
15.5 
16.8 
17.4 
16.8 
16.0 
16.2 
15.3 
18.8 
15.5 
15.6 
15.3 
14.9 
14.9 
15.6 
15.0 
16.4 
17.0 
26.9 
26.2 
21.1 
19.5 
20.3 
19.7 
20.4 
21.7 
19.8 
20.7 
19.7 
19.1 
18.5 
17.4 
22.7 
24.2 
22.9 
17.0 
17.2 
17.2 
17.3 
21.7 
21.8 
22.4 
22.3 
22.8 
20.0 
19.9 
18.4 
18.6 
20.3 
18.0 
20.2 
19.5 
18.9 
16.9 
15.6 
17.5 
17.8 
17.1 
20.3 
20.6 
16.9 
15.0 
17.9 
21.3 
23.0 
20.2 
20.1 
20.0 
19.5 
20.2 
20.4 
20.4 
19.7 
22.2 
23.3 
19.1 
17.4 
18.8 
18.2 
23.5 
20.4 
17.5 
17.1 
17.1 
18.3 
18.4 
18.0 
17.0 
17.0 
18.4 
16.7 
22.1 
21.1 
24.1 
21.3 
18.1 
16.0 
16.6 
19.2 
19.0 
19.4 
18.8 
17.7 
16.1 
15.4 
15.6 
15.2 
15.3 
21.7 
21.0 
20.6 
21.6 
24.0 
23.8 
22.3 
23.7 
24.0 
22.6 
21.6 
20.6 
19.4 
18.5 
18.1 
18.9 
22.2 
24.1 
20.3 
19.3 
20.2 
17.7 
17.0 
16.7 
16.5 
16.9 
17.8 
16.0 
16.0 
16.2 
16.8 
17.0 
16.1 
17.0 
16.5 
17.2 
16.5 
17.2 
18.0 
17.2 
16.4 
15.8 
16.2 
14.9 
18.9 
Date: October 3, 2008 
··raw data. measure-d in em 
A ---~--~-0- _ ~--'_E__j_G _ __ ; _ lj 
_ 1 __ 
-26.1 -21.3 -22.8 -32.4 -26.7 -26.4 -22.5 -22.4 
2 I 
3_ 
4_ 
_5_ 
-26.1 -20.4 -22.9 -32.8 -25.5 -24.4 -21.8 -24.5 
-27.4 -27.5 -29.2 -30.7 -23.9 -23.0 -24.3 -25.6 
-25.7 -28.4 -30.1 -21.8 
-23.7 -27.8 -21.1 -21.7 
6 -22.8 -22.9 -20.5 -20.6 
7_ ' -21.5 -20.0 -20.8 -21.5 
8 -22.9 -19.3 -21.1 -24.7 
9 -24.8 -18.9 -20.1 -22.0 
::JQJ -23.5 -26.6 -20.2 -24.4 
11 -23.5 -26.6 -21.5 -36.1 
.1£ " -22.5 -25.7 -21.3 -33.1 
13_ ' -29.6 -20.7 -21.5 -21.1 
1~ -28.1 -19.1 -21.7 ·20.3 
1§_ -25.6 -18.3 ·26.4 -20.4 
J~ -29.7 ·16.7 ·27.4 -27.8 
17 -28.5 -17.1 ·27.8 ·27.3 
18' -26.0 -18.0 ·20.3 -22.3 
19'"1 -28.5 ·19.2 -19.8 -19.8 
20- I ·29.2 -19.3 ·19.7 ·21.0 2T J -29.5 -21.6 -2o.2 -20.6 
- 2~1 -29.4 -29.1 -21.0 -20.5 
2~- -27.9 -29.2 -21.0 -20.8 
24 -19.4 -26.5 -20.9 -19.8 
_?{i -20.0 -23.1 -20.6 -27.1 
2,!) ; ·19.9 ·21.2 -19.3 -26.8 
~ I -19.8 -18.9 -19.5 -21.5 
2! : -22.6 -18.2 ·20.0 -20.3 
-~ -· -23.8 -19.7 -20.6 -20.2 
_ 3,9_,, -23.9 -22.4 -19.9 -19.8 
_31 1 -23.4 -19.4 ·20.0 -19.8 
3.?_ ·22.5 -20.8 -20.1 -17.3 
33 -21.6 -20.3 -19.7 -19.9 
34 I -21.9 -20.2 -20.7 -19.8 
3_~ ' -20.7 -21.3 -22.2 -19.9 
36 -20.1 -21.4 -22.4 ·20.5 
- 37- I -19.9 -2t 6 -23.5 -19.5 
38 ·, -21.1 -21.4 -21.7 -19.1 
39 ' -20.5 -20.5 -20.3 -19.5 
'40 I -18.9 -20.0 -19.7 ·18.9 
41 -19.9 -19.5 -18.6 -18.6 
42 ' -19.9 -18.9 -19.8 -18.6 
43'! -18.5 ·18.6 -19.6 -20.4 
4:!._; -17.8 -19.2 -18.9 -23.5 
45 ·22.3 -19.2 -19.0 -21.4 
.t(l -24.1 ·19.2 -18.9 -20.9 
·29.4 
-22.4 
-21.7 
-25.9 -28.6 
-22.3 -27.6 
-21.9 -23.9 
-22.1 -22.6 -23.6 
-25.5 -22.8 -23.0 
-30.3 -21.8 -22.9 
-30.2 -21.7 ·21.8 
-31.1 -22.2 -21.9 
-30.8 -21.5 -21.4 
-29.1 -21.0 ·21.9 
-28.6 -20.5 -21.6 
-28.5 -21.5 -20.7 
-21.3 -21.0 ·23.9 
-21.5 -20.6 -23.0 
-27.1 -20.5 -20.3 
-27.5 -21.6 -20.9 
-27.3 -22.5 -21.3 
-22.9 -25.7 -26.0 
-25.8 -22.5 -28.0 
-26.9 -26.6 -25.8 
-26.2 -24.5 -24.1 
-27.1 -24.7 -21.0 
-27.6 -27.2 -21.4 
-28.2 -26.8 -24.8 
-27.2 -26.0 -25.1 
-25.6 -27.1 ·21.8 
-20.6 -26.6 ·21.3 
-21.1 -24.7 -20.8 
-21.2 -20.3 ·21.5 
-20.9 -19.2 -21.1 
-20.7 -20.2 -20.7 
-21.5 -20.4 -20.5 
-21.8 -20.0 -15.1 
-20.7 -20.4 ·15.8 
-20.0 -20.6 -18.9 
-20.1 -21.1 -19.3 
-19.5 -21.2 -19.8 
-19.6 -20.2 -23.1 
-19.5 -20.1 -23.8 
·19.6 -20.1 -23.4 
-19.5 -21.9 -23.5 
-19.9 -23.7 -23.4 
·18.0 ·20.6 -21.3 
-26.4 
-27.5 
-25.8 
-24.9 
-23.0 
-22.4 
-23.1 
-22.2 
-22.3 
-21.2 
-26.3 
-26.2 
-22.7 
·20.8 
-22.2 
-30.4 
·31.1 
-22.9 
-20.9 
-29.2 
-31.7 
-30.2 
-22.9 
-20.4 
-20.3 
-20.1 
-20.0 
·21.3 
-22.0 
-21.4 
-20.6 
-20.9 
-20.0 
-23.6 
-20.3 
·20.4 
-20.2 
-19.8 
-19.9 
-20.6 
-20.0 
-21.5 
-22.1 
-'--......i..-J"---'---"-K ·-'-- -"-L ___. 
-31.3 
·30.2 
-29.5 
-24.5 
-22.9 
·23.7 
-23.2 
-23.9 
-25.3 
-23.4 
-24.3 
-23.4 
-22.8 
-22.3 
-21.2 
-26.5 
-28.1 
-26.8 
-21.0 
-21.2 
-21.2 
-21.4 
-25.8 
-26.0 
-26.6 
-26.5 
-27.1 
-24.3 
-24.3 
-22.8 
-23.0 
-24.8 
·22.5 
-24.8 
-24.1 
-23.5 
-21.6 
-20.3 
-22.3 
·22.6 
-21.9 
-25.2 
-25.5 
-21.9 
-20.0 
-22.9 
·24.9 -26.4 
-24.5 -24.7 
-26.2 -24.1 
-23.4 -23.7 
·23.4 -24.8 
-23.3 -27.2 
-22.9 -27.1 
·23.6 ·25.6 
-23.8 -27.0 
·23.9 -27.4 
·23.2 ·26.0 
-25.8 ·25.1 
·26.9 -24.1 
·22.8 -22.9 
-21.1 ·22.1 
·22.5 -21.7 
·22.0 ·22.6 
·27.3 -25.9 
·24.3 -27.9 
-21.4 ·24.1 
-21.0 -23.1 
-21.1 -24.1 
-22.3 ·21.6 
-22.5 -21.0 
-22.1 -20.7 
-21.1 -20.6 
-21.2 -21.0 
-22.6 -21.9 
-21.0 -20.2 
·26.4 -20.2 
-25.5 -20.5 
·28.5 -21.1 
-25.7 -21.4 
-22.6 -20.5 
-20.5 ·21.4 
-21.2 -21.0 
-23.8 ·21.7 
-23.6 -21.1 
-24.1 -21.8 
-23.5 -22.6 
-22.5 -21.9 
·20.9 -21.1 
·20.2 -20.6 
·20.5 -21.0 
·20.1 -19.8 
·20.3 -23.8 
186 
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3 -
u 
5 
- _6 
7 
B_ 
9 
24_ 
_2_5 _ _1 
_ 26_· 
27 
--, 
28 
29 ; 
~11. .: 
31 
-3( i 
33 
34 
~ 
36 
37 
38 I 
- ~_: 
40 
1!_~ 
42 
...!L 
__ 44_ 
_4L 
_ ±!) I 
A_ 
22.7 
22.3 
21.5 
21 
18.9 
18.7 
17.5 
18.6 
19.2 
19 
18 
18 
23.8 
241 
19.6 
21.3 
21.7 
20 
24 
23.8 
24.7 
25.9 
23.6 
15.1 
15 
15 
14.6 
14.7 
20 
19.2 
18.6 
18.3 
17.4 
17.2 
16.2 
15.6 
16.1 
16 
16 
16.3 
14.9 
15.8 
14.7 
14 
17.9 
19.6 
~- __ L 
16.9 19.9 
16.8 19 
23.9 25.9 
23.6 26.5 
23.2 17.3 
17.5 16.1 
16.9 16.5 
15.8 16 
15.5 16 
21.4 16 
21.7 16.3 
21.8 17.1 
16.4 16.5 
14.7 16.5 
14.8 22.4 
14.3 22.6 
26.3 22.3 
13.7 24.2 
15.2 
15.1 
19.4 
27.7 
27.4 
23.2 
19.5 
16 
14.1 
11.9 
15.2 
17.2 
15.7 
15.6 
16.4 
17.3 
16.6 
16.4 
16.5 
16.6 
15.7 
15.1 
14.6 
14.5 
14.2 
14.7 
13.8 
13.5 
14.3 
13.9 
15 
16.5 
15.7 
16 
15.9 
14.8 
14.9 
15 
15.7 
15.4 
15.6 
15.2 
14.3 
15 
16.5 
17.7 
17.9 
15.5 
14.8 
15.6 
14.7 
14.8 
15.2 
14.9 
14.8 
15.2 
__ q_ --- ; -
28.8 22.4 
28 22.2 
27.3 23.2 
17.3 25.5 
18.1 19.6 
16.2 18.1 
16.4 27.3 
26.7 25.2 
17.3 25.2 
19.1 25 
32.4 26 
22 26.2 
16.9 24.6 
15.4 23.2 
17.5 22.8 
23.8 16.2 
23 20.1 
16 23.7 
16.3 
16.3 
16.7 
15.4 
16 
15.9 
22.3 
21.7 
16.5 
15.5 
13.9 
15.5 
15.5 
15.9 
15.9 
14.7 
16 
15.7 
15 
14.4 
14.1 
14.1 
13.5 
13.6 
14.5 
18.1 
17.1 
16.8 
24 
22.7 
18 
19.4 
20.8 
22.3 
21.8 
21.7 
22.5 
20.2 
20.3 
17.4 
17.7 
16.3 
15.6 
15.7 
15.8 
15.9 
15.4 
14.8 
14.4 
14.4 
14.5 
14.5 
14.9 
15 
14.9 
13.7 
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21.3 17.9 18.3 25.3 20 22.3 Cr••k 2 Branch 
19.9 17.7 19.8 24.5 19.9 19.4 Oat•: Oct 25,2009 
20 18.7 22 24.2 20.6 18.5 ··rawdata, m•asur•dincm 
20.2 24.1 22.4 22.5 19.2 18.2 
19 22 21.6 19.1 18.7 21 
18.1 
19.3 
17.4 
17.3 
17.6 
16.5 
16.6 
16.4 
15.9 
15.9 
16.5 
16.1 
16.2 
16.5 
20.7 
2? 
20.9 
20 
20.5 
22 
22.3 
21.4 
22.2 
21.6 
22.7 
17.9 
16.6 
15.9 
15.8 
15.2 
15.3 
15.6 
15.4 
16 
15.5 
14.8 
16 
15.6 
17.6 
19 
16 
19.9 
18.9 
18.4 
18.2 
17.1 
17 
16.5 
16.5 
16.6 
16.2 
18.3 
17.3 
15.3 
15.7 
16.1 
21.7 
22.1 
21.1 
18.9 
17.6 
16.6 
21.6 
20.5 
16.7 
15.5 
16.2 
16 
16.1 
16 
15.5 
15.4 
15.5 
14.6 
14.8 
15.2 
16.7 
18.8 
18.8 
18.6 
18.9 
16.3 
18.3 
18,9 
18.2 
18.4 
18.1 
18.1 
17.3 
17 
21.1 
21.4 
23 
15.7 
17 
26 
26.5 
25 
16.3 
24.2 
26.2 
24.4 
22.7 
15.4 
14.7 
15.1 
15.2 
16.1 
17.9 
15.5 
15.6 
15 
14.7 
15 
15.6 
15.6 
16.1 
15.2 
15.6 
14.9 
15.2 
16 
17.1 
20 
18.9 
18.5 
19.4 
19.5 
18.5 
18 
17.6 
16.7 
16.1 
21.3 
22.9 
19.5 
17 
16.9 
16.3 
16.6 
20.9 
21.7 
22.5 
21.8 
22.5 
22.3 
18.1 
18 
18.3 
20.5 
17.9 
18.8 
18.2 
16.7 
15.5 
15.5 
16.2 
17.3 
17.3 
20.8 
20.5 
18.5 
15.2 
17.6 
20.4 
18.1 
19.2 
18.1 
18.7 
19 
19 
20.2 
18.5 
17 
17.3 
16 
20.5 
18.2 
16.1 
15.9 
16.3 
16.1 
16.4 
16 
16.1 
16.5 
16 
15.9 
19.7 
20.1 
21.7 
20.6 
17.5 
15.6 
18.3 
19 
19.9 
19 
18.2 
18.1 
14.9 
15.6 
15.5 
16.6 
16.4 
21.9 
22.9 
20.5 
21.6 
21.8 
22.3 
18.1 
17.9 
16.9 
16.9 
17 
16.3 
20.3 
22.6 
18.3 
17.1 
18 
16.6 
16.1 
15.6 
15.5 
15.7 
15.8 
16.1 
15 
15.4 
14.7 
16.4 
15.6 
15.9 
15.5 
15.7 
15.7 
16 
18 
17.3 
16.3 
15.9 
15.4 
15.5 
18.5 
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~' 8 _ C< ___ :_ __Q_ _ _ J;_ ___ F -'-----!!.__;_ _ _lj __ I _ J_ j__J _ __.___K ~__,L_~__,_M N 0 
_1_ -27.3 -21.6 -24.6 -33-6 -27.3 -26.2 -22.9 -23.4 -30.4 -25.2 -27.6 
_2_ -26.9 
_ ?_ -26.1 
__ 4_ -25.6 
~- -23.5 
- ~ -23.3 
..1 ' -22.0 
.L -23.1 
9_] -23.7 
10 -23.5 
11__ -22.5 
_..!£.: -22.5 
- 1?_ -28.3 
14 i -28.6 
:::iU -24.1 
_ _1_L! -25.7 
_ !.?._; -26.1 
J!.. -24.4 
_1~- -28.4 
.?Q. -28.2 
21 -29.1 
2~ ' -30.3 
23 ' -28.0 
~ -19.5 
25 -19.4 
26 -19.3 
27 -18.9 
28 -19.0 
29 -24.3 
~0- -23.5 
~! -22.9 
_12 -22.6 
3_3_ -21.7 
:)_L -21.5 
35 -20.4 
- ~~ ·19.8 
_E._, -20.3 
..1_8_: -20.2 
39 -20.2 
~j -20.5 
41 -19.1 
--., 
42 -20.0 
4:3_ -18.9 
~ -18.1 
~ij_ -22.0 
46 -23.7 
-21.5 
-28.6 
·28.2 
-27.8 
-22.1 
-21.5 
-20.4 
-20.1 
-26.0 
-26.3 
-26.4 
-23.7 
-30.6 
-31.2 
-22.0 
-20.8 
-21.2 
-20.7 
-20.7 
-20.6 
-20.9 
-21.7 
-20.9 -21.1 
-19.2 -21.1 
-19.3 -27.0 
-18.8 -27.2 
-30.8 -26.9 
-18.2 -28.8 
-19.7 -18.8 
-19.6 -18.4 
-23.9 -19.5 
-32.1 -21.0 
-31.8 -20.2 
-27.6 -20.5 
-23.9 -20.4 
-20.4 -19.3 
-18.5 ·19.4 
-16.3 -19.4 
-19.6 -20.1 
-21.6 -19.8 
-20.0 -20.0 
-19.9 -19.6 
-20.7 -18.7 
-21.6 -19.4 
-20.9 -20.9 
-20.7 -22.1 
-20.8 -22.2 
-20.9 -19.8 
-20.0 -19.1 
-19.3 -19.9 
-18.8 ·19.0 
-18.7 -19.1 
-18.4 -19.5 
-18.9 -19.2 
-18.0 -19.1 
-17.7 -19.4 
-32.8 -27.1 
-32.1 -28.0 
-22.1 -30.3 
-22.9 -24.4 
-20.9 -22.9 
-21.1 -32.1 
-31.4 -30.0 
-22.0 -30.0 
-23.8 -29.8 
-37.1 -30.8 
-26.7 -30.9 
-21.6 -29.3 
-20.1 -27.9 
-22.1 -27.5 
-28.4 -20.9 
-27.6 -24.8 
-20.6 -28.4 
-20.9 -28.7 
-20.9 -27.4 
-21.3 -22.6 
-20.0 -24.0 
-20.6 -25.4 
-20.4 -26.9 
-26.8 -26.4 
-26.2 -26.3 
-21.0 -27.1 
-20.0 -24.8 
-18.4 -24.9 
-20.0 -21.9 
-20.0 -22.2 
-20.4 -20.8 
-20.3 -20.1 
-19.1 -20.2 
-20.4 -20.3 
-20.1 -20.4 
-19.4 -19.9 
-18.8 -19.2 
-18.5 -18.8 
-18.5 -18.8 
-17.9 -18.9 
-17.9 -18.9 
-18.8 -19.3 
-22.4 -19.4 
-21.4 -19.3 
-21.1 -18.1 
-24.8 
-24.9 
-25.1 
-23.9 
-23.0 
-24.2 
-22.3 
·22.1 
-22.4 
-21.3 
-21.4 
-21.2 
-20.7 
-20.7 
-21.3 
-20.8 
-20.9 
-21.2 
-25.4 
-25.7 
-25.6 
·24.7 
-25.2 
-26.7 
-26.9 
-26.0 
-26.8 
-26.2 
-27.3 
-22.5 
-21.2 
-20.5 
-20.4 
-19.7 
-19.8 
-20.1 
-19.9 
-20.5 
-20.0 
-19.3 
-20.5 
-20.1 
-22.0 
-23.4 
-20.4 
-22.7 
-23.7 
-29.1 
-27.0 
-24.8 
-23.8 
-23.3 
-23.1 
-22.0 
-21.9 
-21.4 
-21.4 
-21.4 
-21.0 
-23.1 
-22.1 
-20.1 
-20.5 
-20.9 
-26.5 
-26.9 
-25.8 
-23.6 
-22.3 
-21.3 
-26.3 
-25.2 
-21.4 
-20.2 
-20.8 
-20.6 
-20.7 
-20.6 
-20.1 
-20.0 
-20.1 
-19.2 
-19.4 
-19.7 
-21.2 
-23.3 
-23.3 
-23.1 
-23.4 
-20.8 
-24.8 
-27.0 
-27.4 
-26.6 
-23.3 
-23.9 
-23.2 
-23.4 
-23.1 
-23.0 
-22.2 
-21.9 
-26.0 
-26.3 
-27.9 
-20.6 
-21.9 
-30.9 
-31.3 
-29.8 
-21.1 
-29.0 
-31.0 
-29.2 
-27.5 
-20.2 
-19.4 
-19.8 
-19.9 
-20.8 
-22.6 
-20.2 
-20.3 
-19.7 
-19.4 
-19.6 
-20.2 
-20.2 
-20.7 
-19.8 
-20.2 
-19.5 
-19.8 
-20.5 
-21.6 
-29.6 
-29.3 
-27.6 
-24.2 
-25.1 
-24.0 
-23.5 
-24.4 
-24.5 
-23.5 
-23.0 
-22.6 
-21.7 
-21.1 
-26.2 
-27.8 
-24.4 
-21.9 
-21.8 
-21.2 
-21.5 
-25.8 
-26.6 
-27.3 
-26.6 
-27.3 
-27.1 
-22.9 
-22.8 
-23.1 
-25.3 
-22.6 
-23.5 
-22.9 
-21.4 
-20.2 
-20.2 
-20.9 
-22.0 
-22.0 
-25.4 
-25.1 
-23.1 
-19.8 
-22.2 
-25.1 
-25.8 
-24.4 
-23.8 
-25.5 
-23.2 
-24.3 
-23.2 
-23.8 
-24.1 
-24.1 
-25.2 
-23.5 
-22.0 
-22.3 
-21.0 
-25.5 
-23.2 
-21.1 
-20.9 
-21.2 
-21.0 
-21.3 
-20.9 
-21.0 
-21.4 
-20.9 
-20.8 
-24.5 
-24.9 
-26.5 
-25.4 
-22.3 
-20.4 
-23.1 
-23.8 
-24.6 
-23.7 
-22.9 
·22.8 
-19.6 
-20.3 
-20.2 
-21.3 
-21.1 
-24.6 
-23.7 
-23.4 
-26.2 
-27.1 
-28.1 
-25.7 
-26.8 
-26.9 
-27.4 
-23.2 
-23.0 
-22.0 
-22.0 
-22.1 
-21.4 
-25.3 
-27.6 
-23.3 
-22.1 
-23.0 
-21.6 
-21.1 
-20.6 
-20.5 
-20.6 
-20.7 
-21.0 
-19.9 
-20.3 
-19.6 
-21.3 
-20.5 
-20.7 
-20.3 
-20.5 
-20.5 
-20.8 
-22.8 
-22.1 
-21.1 
-20.6 
-20.1 
-20.2 
-23.2 
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""l•v•l•d data, m•asur•d in em 
___ lj_ 
_ 1_ 22.8 
23.2 
3 22 
-~ -l 21.3 
18.8 
6_ 19.1 
7 19 
_L 18 
__ 9 19 
10 18.6 JO 17.5 
12 18.7 JC 25.2 
14__ 24.4 
15 21.3 
16 22.1 
17 I 
ta i 
__ 19 .. ! 
20 
21 
22 -I 
23 . .' 
_g± i 
25 
- 26-; 
27 I 
28 . 
__ 2s~i 
30 _ _1 
-~-
32 
33 
S!·L 
.1?.~ 
- 36 
_37_ 
~8 
39 
_!0_ 
41 
42 
43 : 
44 -
45 
46 
23.4 
20.1 
23.5 
24.4 
25.7 
25.4 
24.6 
15.1 
15.2 
16.3 
15.5 
18.7 
21.2 
20.2 
21.6 
19.8 
18 
18.1 
17.8 
17.6 
16.9 
17.3 
17 
17.7 
16.5 
16.5 
16.1 
14.4 
19.9 
20.9 
_ §_____ _ __ g _ _,__jl _ _: __ L ____ F ____ ll_ i 
17.3 18.7 28 21.7 20.6 17.7 
20 18.6 29 21.8 19.8 18.3 
24.4 26.2 26.7 20.9 20.1 20.4 
24.3 
26.7 
19.5 
17.2 
16.2 
15.5 
20.7 
22.2 
22.3 
17 
15.2 
15.2 
14.4 
16.5 
14.5 
14.8 
16 
22 
28.7 
27.9 
23.8 
20.1 
17.2 
14.4 
14.4 
18.8 
18.5 
16.7 
17.4 
17.2 
17.3 
18 
18.3 
18.2 
18.4 
17.8 
16 
16.8 
15.9 
15.5 
15.6 
15.6 
14.1 
27 
17.4 
16.2 
17.3 
16.2 
16.6 
17 
16.9 
17 
17.1 
17.7 
23.3 
24.1 
24.6 
24.4 
16 
15.1 
16.2 
17.4 
17.5 
17.4 
17 
16.1 
17.1 
16.5 
17.7 
17.2 
16.9 
16 
16.2 
16.2 
18 
18.8 
19 
17.5 
17.1 
16.4 
14.6 
15.5 
15.5 
15.3 
15.1 
15.3 
19.4 
19.1 
18 
17.4 
28.9 
19 
31.8 
31.2 
18.4 
15.6 
16 
17.4 
25.4 
23.8 
21.6 
16.8 
17 
17.1 
16.5 
15.4 
16 
21.8 
22.3 
17.8 
16.4 
16.3 
16.7 
16.2 
16 
15.9 
15.8 
16.8 
15.8 
15.7 
16.2 
15.3 
15.5 
14.6 
15 
17.4 
18.8 
16.2 
16 
25.9 
25.8 
18.1 
26.7 
26.3 
26.2 
2U 
26 
25.4 
25.4 
23.3 
23.1 
16.6 
20 
24.1 
24.2 
22.4 
17 
21.2 
22.6 
22.4 
21.8 
21 
22.5 
20 
22.5 
17.9 
17.5 
17.4 
16.6 
16.6 
17.1 
16.4 
16.7 
16.2 
16.2 
17 
16 
15.3 
16.2 
15.3 
16.1 
15.4 
20 
18 
18 
18.1 
18.9 
17.8 
17 
16.5 
17 
17 
16.6 
16.4 
16.5 
16 
13.9 
17.5 
20.6 
22.1 
21.8 
23 
21.2 
22.1 
22.5 
21.5 
21.5 
21.9 
22.3 
20.1 
18.3 
15.8 
16 
17 
16.25 
16.3 
16.2 
16.5 
16.5 
16.3 
16.2 
16.3 
16.8 
18.8 
15.9 
24.3 
22.1 
19.4 
18.5 
18.2 
17.2 
17.2 
16.5 
17.1 
16.1 
16.4 
17 
17.2 
18 
16.5 
16.8 
16.8 
22.9 
23.7 
23.6 
18.7 
17.3 
18.5 
20.2 
20.6 
17.9 
17.3 
17 
17.7 
17.3 
17.3 
16.5 
16.7 
16.8 
17.3 
15.9 
16.6 
19 
20.6 
20.2 
20 
20 
18.1 
H 
18.3 
18.9 
21.5 
22 
21.4 
19 
19 
18.1 
17.7 
18 
17 
17.5 
17.7 
20.9 
20.9 
15.9 
16.7 
18 
27.2 
26.3 
19 
17 
17.6 
27.9 
24.5 
21.9 
16.1 
15.2 
15.7 
15.9 
17 
18.3 
16.3 
16.2 
17.1 
16.7 
17.1 
16.9 
18.2 
18.5 
17.4 
17.3 
16.7 
17.5 
18.7 
18.1 
25.2 
24.8 
21.8 
20.5 
18.9 
18.9 
19.1 
19.6 
19.2 
19 
17.9 
17.9 
17.4 
16.5 
16.6 
22 
23.3 
17.6 
16.4 
16.6 
15.9 
21.4 
21.7 
23 
23.1 
23.5 
23.2 
22.8 
18.9 
18.4 
19.7 
20.6 
17.6 
20 
20.3 
19.1 
18 
16.9 
17.6 
17.6 
20.2 
22.3 
22.5 
18.6 
18.7 
18.7 
19.4 
19.5 
19.2 
18.4 
18 
17.9 
17.8 
18.1 
17.6 
18.4 
18 
18 
18.2 
18.3 
17.3 
17.3 
16.8 
21.7 
17.7 
16.7 
16.7 
17.3 
16.6 
16.4 
17 
16.8 
16.9 
16.2 
17 
20.5 
20.4 
24.2 
20 
17.6 
16.2 
20.3 
19.3 
20 
19.5 
19.2 
18.9 
17.8 
17.4 
17.3 
18.2 
18.5 
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19.4 Cr••l< 2 Branch 
19.3 Oat•: May 28. 2011 
18.3 ··raw data, meoasureod in em 
18.2 
19.4 
20.5 
20.7 
20 
19.6 
22 
21.1 
18.5 
17.6 
17.5 
17.3 
16.7 
16.2 
21.1 
22.8 
19 
18.2 
17 
17.1 
16.5 
16.2 
15.9 
17.2 
16.3 
17.1 
18 
18.1 
16.5 
16.6 
17.1 
17.5 
17.2 
17 
17.1 
17.7 
18.5 
18.1 
18 
17 
17.6 
17.5 
20.9 
A 
1 -28.4 
2__ -28.8 
_;J_ -27.6 
_j_ -26.9 
5 -24.3 
6 -24.6 
7 ' -24.5 
-a·· -23.4 
9' -24.4 
10 -24.0 
11· I ·22.8 
1Z I -24.0 
~ -30.5 
J4 -29.7 
_1~- -26.5 
16 -27.3 
- --, 
17_, -28.6 
18 -25.2 
19 -28.6 
'2Q.J -29.5 
21 -30.8 
. gi l -30.4 
2~ I ·29.6 
...£4 J -20.1 
25 ' -20.1 
2L -21.2 
_E.L -20.4 
2~ i -23.5 
~9 -26.0 
3.Q _ -25.0 
1 1. I ·26.4 
_R -24.5 
33 -I -22.7 
34 i -22.8 
35 1 -22.4 
3S l -22.2 
37 -21.5 
38 J -21.8 
39 -21.5 
40.' -22.2 
41 I -21.0 
42 -20.9 
43 -20.5 
- ~ -18.8 
45 -24.2 
46 ...l -25.2 
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B _ ---~- _ Q._ __ __g_ __ l _E_I_.Q_ .!__j:t___;_____!_ _ _j_~_c__K __ i _ L ___ ~_j_.Q__~-
·23.1 -24.6 -34.0 -27.8 -26.8 -24.0 -24.7 -31.7 -26.0 -26.1 
-25.7 -24.4 -34.9 -27.8 -25.9 
-30.1 -32.0 -32.6 -26.9 -26.2 
-30.0 -32.8 -25.3 -31.9 -26.1 
-32.3 -23.1 -24.9 -31.7 -24.0 
-25.1 -21.9 -23.8 -24.0 -24.0 
-22.8 -23.0 -23.1 -32.5 -2M 
-21.7 -21.8 -34.6 -32.1 -24.8 
-21.0 -22.2 -24.7 -32.0 -23.6 
-26.2 -22.5 -37.4 -30.4 -22.8 
-27.6 -22.4 -36.8 -31.7 -22.3 
-27.7 -22.5 -24.0 -31.0 -22.7 
-22.4 -22.5 -21.1 -31.0 -22.7 
-20.5 -23.1 -21.5 -28.8 -22.2 
-20.5 -28.7 -22.8 -28.6 -22.0 
-19.7 -29.4 -30.8 -22.1 -22.0 
-21.7 -29.9 -29.2 -25.4 -21.5 
-19.7 -29.7 -26.9 -29.5 -19.3 
-20.0 -21.2 -22.1 -29.5 -22.9 
-21.1 -20.3 -22.2 -27.7 -26.0 
-27.1 -21.4 -22.3 -22.3 -27.4 
-33.8 -22.5 -21.7 -26.4 -27.1 
-32.9 -22.6 -20.5 -27.8 -28.2 
-28.8 -22.4 -21.1 -27.5 -26.4 
-25.1 -22.0 -26.9 -26.9 -27.2 
-22.1 -21.1 -27.3 -26.1 -27.6 
-19.3 -22.0 -22.8 -27.5 -26.5 
-19.3 -21.4 -21.3 -25.0 -26.5 
-23.6 -22.6 -21.2 -27.4 -2S.9 
-23.3 -22.0 -21.6 -22.8 -27.2 
-21.5 -21.7 -21.0 -22.3 -25.0 
-22.1 -20.8 -20.8 -22.2 -23.1 
-21.9 -20.9 -20.6 -21.4 -20.6 
-22.0 -20.9 -20.5 -21.3 -20.7 
-22.6 -22.7 -21.5 -21.8 -21.7 
-22.9 -23.4 -20.4 -21.0 -20.9 
-22.8 -23.6 -20.3 -21.3 -20.9 
-22.9 -22.1 -20.8 -20.8 -20.8 
-22.3 -21.6 -19.8 -20.7 -21.0 
-20.5 -20.9 -20.0 -21.5 -21.0 
-21.3 -19.0 -19.0 -20.4 -20.7 
-20.3 -19.9 -19.4 -19.7 -20.6 
-19.9 -13.9 -21.8 -20.5 -20.6 
-20.0 -19.6 -23.1 -19.6 -21.1 
-19.9 -19.4 -20.5 -20.4 -23.0 
-18.4 -19.6 -20.2 -19.6 -20.1 
-24.6 
-26.6 
-30.5 
-28.2 
-25.5 
-24.5 
-24.2 
-23.1 
-23.1 
-22.3 
-22.9 
-21.8 
-22.1 
-22.6 
-22.8 
-23.5 
-22.0 
-22.3 
-22.2 
-28.3 
-29.0 
-28.9 
-23.9 
-22.5 
-23.6 
-25.3 
-25.6 
-22.9 
-22.2 
-21.9 
-22.5 
-22.1 
-22.0 
-21.2 
-21.4 
-21.4 
-21.9 
-20.4 
-21.1 
-23.4 
-25.0 
-24.5 
-24.3 
-24.2 
-22.3 
-25.3 
-27.8 
-28.3 
-27.S 
-25.2 
-25.1 
-24.2 
-23.7 
-24.0 
-22.9 
-23.4 
-23.5 
-26.7 
-26.6 
-21.6 
-22.3 
-23.6 
-32.7 
-31.8 
·24.4 
-22.4 
·22.9 
-33.2 
-29.7 
·27.1 
-21.2 
-20.3 
-20.7 
·20.9 
-21.9 
-23.2 
·21.1 
-21.0 
-21.8 
-21.4 
-21.7 
-21.5 
-22.7 
-23.0 
-21.8 
·21.7 
-21.0 
-21.8 
-22.9 
-22.3 
-31.3 
-28.2 
-26.9 
-25.2 
-25.2 
-25.3 
-25.8 
-25.3 
-25.0 
-23.9 
-23.8 
-23.3 
-22.3 
-22.4 
-27.7 
-29.0 
-23.2 
-22.0 
-22.1 
-21.4 
-26.8 
-27.1 
-28.3 
-28.4 
-28.7 
-28.3 
-27.9 
-23.9 
-23.4 
-24.S 
-25.5 
-22.4 
-24.8 
-25.0 
-23.8 
-22.6 
-21.5 
-22.1 
-22.1 
-24.6 
-26.7 
-26.8 
-22.8 
-22.9 
-22.8 
-26.1 
-25.7 
-24.9 
-24.4 
-24.3 
-24.1 
-24.3 
·23.8 
-24.5 
-24.1 
-24.0 
-24.2 
-24.2 
-23.2 
·23.1 
-22.5 
-27.4 
-23.3 
-22.3 
-22.2 
-22.8 
-22.0 
-21.7 
-22.3 
-22.0 
-22.1 
·21.3 
-22.1 
-25.5 
-25.4 
-29.1 
-24.8 
-22.4 
-20.9 
-25.0 
-23.9 
-24.6 
-24.0 
-23.7 
-23.3 
-22.1 
-21.7 
-21.5 
-22.4 
-22.6 
-26.0 
-24.9 
-24.8 
-25.9 
-26.9 
-27.1 
-26.3 
-25.9 
·28.2 
-27.3 
-24.6 
-23.6 
-23.5 
-23.2 
-22.6 
-22.0 
-26.8 
-28.5 
-24.6 
-23.8 
-22.5 
-22.6 
-21.9 
-21.5 
-21.2 
-22.4 
-21.5 
·22.2 
-23.0 
-23.1 
-21.4 
-21.5 
-21.9 
-22.2 
-21.9 
-21.S 
-21.7 
-22.2 
-23.0 
-22.5 
-22.3 
-21.3 
-21.8 
-21.7 
-25.0 
Cr••k 2 Branch 
Oat•: May 28, 2011 
""loYol•d data, m•asur•d in em 
21.8 
23.5 
23.2 
24.7 
25.3 
6_ 27.8 
32.6 
~ . 34.2 
9 36.2 
JQJ 35.1 
11 37 
J..2 40.8 
13 44.1 
1L 46.7 
_15_1 55.8 
_)6 82.5 
_1L 98.5 
18 98.8 
19l 99.4 
_2~ 99.2 
2L, 101.3 
22 . 101.1 
_.2L.' 101.2 
-~: 102.3 
- ~ ' 62.6 
_26 53 
rr , 49.8 
f.!!. 46.4 
~ 44.7 
lQ. 45.6 
31 46.6 
32_ 47.8 
33 48.4 
34_1 47.1 
35 43.3 
~6 44.6 
37 ' 42.7 
3~ ' 41.7 
_1~ 42.5 
~0 I 46.3 
41 43.7 
_42 I 30.2 
43 27.3 
-« J 23.1 
45 23 
46 ' 20.7 
20.1 
19.5 
20.4 
20.8 
21.5 
22.5 
22.8 
24.3 
26.2 
36 
37.4 
35.3 
37.5 
42.1 
42.7 
46.9 
59.6 
102.6 
103.2 
103.1 
102.4 
102.2 
103.1 
108.7 
108.4 
105.7 
77.9 
59.1 
56.8 
54.4 
49.4 
47.5 
42.7 
40 
37.6 
36.9 
36.6 
37.6 
31.6 
23.4 
20.2 
21.8 
27.5 
24 
21.7 
19.9 
19.7 
24.2 
34.6 
34.5 
34.2 
31 
26.6 
26.5 
26.6 
28.6 
57.3 
55 
56.1 
53.6 
53.2 
52.7 
57 
61.6 
60.1 
62.2 
66.7 
65.9 
67.2 
67.1 
70 
67.5 
65.9 
50.1 
52.5 
45.9 
40.6 
37.3 
34.5 
33.4 
32.5 
29.3 
20 
18.8 
18.8 
19 
18.5 
18.5 
17.6 
18.2 
18.5 
19.2 
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40.1 15.8 16.4 32.2 21.8 15.3 12.2 24.9 Creek 2 Head 
42.5 16.5 33.1 29.1 21.7 19 11.7 25.4 Oato: May 21,2008 
43.5 
39 
38.3 
40.7 
44.1 
44.8 
51.3 
50.1 
52.2 
51.9 
51 
51.2 
50.3 
48.3 
49 
50.2 
48.2 
48.5 
49.2 
50.8 
50.5 
55.7 
53.3 
50.1 
49 
45.4 
46.3 
45.6 
47.2 
46.3 
46.2 
44.5 
43.2 
26.3 
18.1 
19.4 
17.6 
18.2 
10.J 
10.6 
16.6 
17.4 
17.1 
16.6 
18 
19 
22 
36.7 
37.2 
37 
35.7 
33.3 
31.6 
31.3 
35.6 
35 
33.5 
31.1 
29.5 
30.2 
28.5 
28.5 
27.4 
28.6 
30.3 
35.5 
34.3 
37.2 
40.2 
35.9 
37 
40 
35 
32.6 
37.3 
36.8 
32 
31.7 
25.3 
27.7 
22.8 
28 
23.8 
24.1 
22.5 
20.9 
15 
16.9 
33.9 
35 
36.7 
36.2 
33.2 
29.7 
29.1 
26.2 
22 
23.9 
21.4 
18.4 
18 
17.5 
18.1 
18.5 
20.7 
23.2 
25.5 
25.4 
27.1 
30.8 
24.3 
38.5 
40.7 
38.7 
19.9 
18.4 
16.3 
16.3 
16.3 
15 
15.4 
15.2 
16.3 
19 
31 
31.9 
34.2 
34 
29.9 
27.8 
28.7 
27 
22.1 
20.1 
29.6 
28.3 
28.2 
27.9 
21.8 
22.5 
22.7 
21.1 
17.9 
17.8 
17.3 
18.1 
19.1 
16.4 
16.2 
16.1 
17.4 
16.5 
15.6 
16.5 
23.1 
35.6 
37.5 
35.4 
34.3 
20.2 
17.3 
15.7 
19.2 
19.5 
17.1 
16.2 
15.5 
15.5 
16 
14.6 
13.1 
11 
11.2 
15.3 
21.7 
24.8 
23.7 
27.4 
28.8 
28.1 
27.8 
28.2 
22 
17.6 
16.1 
14.8 
14.4 
12.6 
12.3 
12 
11.2 
11.5 
13.5 
15.6 
16.6 
16.6 
19.9 
24.7 
24.7 
26 
29.7 
29.9 
33.1 
26 
29.1 
27.6 
24 
22 
29.7 
31.2 
30.5 
30.6 
18.3 
16.2 
15.2 
16.2 
15.2 
12.9 
13.6 
13.2 
19.4 
20 
28.6 
30.8 
31.4 
20.2 
20.4 
18.6 
18.2 
20.1 
16.9 
13.9 
13.4 
12.3 
11.7 
11.7 
11.7 
13.5 
14.2 
31.8 
31.2 
32.5 
31.6 
29 
18.8 
13.9 
13.6 
12.6 
11.5 
12.7 
11.8 
19.6 
27.6 
17.8 
14.9 
14 
12.9 
14.3 
14.5 
15.7 
16.7 
16 
14.9 
13.4 
12 
12 
12.5 
12.7 
14.8 
29.7 
27.7 
25.6 
29 
27 
17.2 
15.5 
15.4 
16.3 
17.2 
17.1 
18.1 
19.6 
20.1 
19.9 
16.2 
16 
19.5 
19.1 
15 
13.6 
13.2 
12.3 
11.7 
11.8 
12.8 
15.2 
23.6 
17.7 
14.3 
11.8 
11.7 
11.4 
11.6 
11.4 
11.4 
11.7 
11.5 
11.2 
27.5 
30.5 
30.4 
28.3 
25.7 
24.5 
25.1 
24.5 
23.6 
20.5 
25.4 
27.1 
23.4 
23.6 
22.4 
27.8 
25.5 
25.3 
25.3 
25.5 
26.1 
18.2 
14.5 
14.2 
16.8 
17.8 
13.5 
10.7 
11.5 
11.4 
12.4 
18.6 
21.2 
21.5 
13.7 
12.5 
11.4 
12 
11.4 
12.4 
10.3 
12.4 
13.1 
13.3 
··raw data, measured in em 
~ 
6 
] _ 
L 
1Q__• 
11 
_g 
j3 ' 
Ji 
__]j--j 
.J§_ 
17 
1 8-. 
.JL 
20 
:=ill 
.?.~ ' 
2l._/ 
2~ 
25 1 
26 
_2] -
?.? .. 
29 
--~0 
~1 
32 
31_ 
3~ 
35 .: 
36 
37_, 
~8 
39 ' 
~0 
11 
_iS_ 
ft ._ ... JL l __ c 
-37.8 
-39.5 
-39.2 
-40.8 
-41.~ 
-43.9 
-48.7 
-50.3 
·52.3 
-51.3 
-53.2 
-57.0 
·60.3 
-62.9 
·72.0 
-98.8 
·11~.8 
-115.1 
·115.7 
·115.5 
-117.6 
·117.5 
-117.6 
-118.7 
-79.0 
-69.4 
-66.2 
-62.9 
-61.2 
-62.1 
-63.1 
-64.3 
-6~.9 
-63.7 
·59.9 
-61.2 
-59.3 
-58.3 
-59.1 
·63.0 
-60.~ 
·46.9 
·44.0 
·39.8 
-39.7 
-37.5 
-36.3 
-35.7 
-36.6 
-37.0 
-37.7 
-38.7 
-39.0 
-~0.6 
·42.5 
-52.3 
-53.7 
-51.6 
-53.8 
-58.4 
·59.0 
-63.3 
-76.0 
-119.0 
·119.6 
-119.5 
-118.8 
-118.6 
-119.6 
-125.2 
·124.9 
-122.2 
-94.4 
-75.6 
-73.3 
-70.9 
-66.0 
-64.1 
-59.3 
-56.6 
-54.2 
-53.5 
-53.2 
-5~.2 
-~8 .3 
-40.1 
-36.9 
·38.5 
-44.2 
·40.7 
-38.4 
·36.6 
·36.0 
-~0.5 
-51.0 
-50.9 
-50.6 
-47.4 
-~3.0 
-42.9 
-43.0 
-45.0 
-73.7 
-71.4 
-72.5 
-70.1 
-69.7 
-69.2 
-73.5 
-78.1 
-76.6 
-78.7 
·83.2 
·82.4 
·83.7 
-83.6 
·86.5 
-84.1 
-82.5 
-66.7 
-69.1 
·62.5 
-57.2 
-53.9 
·51.1 
-50.0 
·49.1 
- ~5 .9 
-36.7 
-35.5 
-35.5 
·35.7 
-35.2 
·35.2 
·34.3 
·34.9 
·35.2 
-35.9 
D 
·56.6 
·59.0 
-60.0 
-55.5 
-5~.8 
-57.2 
·60.6 
·61.3 
·67.8 
-66.6 
-68.8 
-68.5 
·67.6 
-67.8 
·66.9 
·64.9 
-65.6 
·66.8 
-64.8 
·65.1 
·65.8 
·67.4 
-67.1 
·72.3 
-69.9 
-66.7 
·65.6 
·62.0 
·62.9 
·62.2 
-63.9 
-63.0 
-62.9 
·61.2 
-59.9 
·43.0 
·34.8 
·36.1 
-34.3 
-34.9 
·27.0 
·27.3 
·33.3 
·34.1 
·33.8 
-33.3 
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-32.5 -33.2 -49.2 -39.0 -32.6 -29.7 -42.6 
-33.2 
·34.7 
·35.7 
-38.7 
-53.4 
·53.9 
·53.7 
·52.4 
-50.0 
-48.3 
-48.0 
-52.3 
·51.7 
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APPENDIXG 
LANDSCAPE EVOLUTION IN A NUTRIENT ENRICHED ENVIRONMENT (LENS) 
MARSH GEOTECHNICAL AND ACCRETION RESULTS 
Abstract 
Feedbacks between biogeochemical cycles and morphodynamics in saltmarshes, 
tidal channels, and tidal flats are complex as halophytic vegetation production, sediment 
properties, and biogeochemistry are all related. Nutrients regulate vegetation and 
microbial activity, thus directly affecting sediment stability (e.g. stabilization by 
vegetation roots and biofilms) and erosion (e.g. microbial respiration of organic matter). 
While many have separately studied the effects of eutrophication on vegetation or 
microbial productivity, sediment stability, or biogeochemical cycles, a comprehensive 
study that incorporates erosion, accretion, and landform evolution with eutrophication is 
needed. This study focuses on the coupling of geomorphic processes and biogeochemical 
cycles in intertidal areas under the influence of nutrient enrichment. It is hypothesized 
that nutrient enrichment leads to the destabilization of the marsh platform and the 
stabilization of tidal flats thus changing the coupled ecological and morphdynamic 
equilibrium of intertidal landforms 
Activities and Findings -Marsh Platform Studies 
My contribution to this study involved documenting the geotechnical properties of 
a saltmarsh that was under the influence of eutrophication. This was accomplished by 
three major coring efforts that looked at the variation of below-ground biomass 
(collaboration with Linda Deegan at MBL), organic matter, and bulk density between 
nutrient-enriched tidal creeks (named Sweeney and Clubhead) and control tidal creeks 
(named West and Nelson, see Fig Gl) and their respective saltmarsh watersheds. 1) In 
September 2009, 72 auger cores were collected and processed by Boston University 
Marine Program (BUMP) students on creek-bank (~1m distance from creek) low marsh 
platforms containing tall-form Spartina alterniflora (see Fig G1). 2) During October 
2010, a further 72 auger cores were taken by BUMP students in creek-proximal (<2m 
distance) Spartina patens and Distichlis sp. for comparison. 3) In July 2011, 10 cores 
were taken in creek -proximal ( <2 m distance) Spartina patens and Distichlis sp. at 
Sweeney and West to compare grain size with depth to verify differences in bulk density 
were not due to grain size variation. Grain size analysis was performed at the 
sedimentology lab at Wellesley University in November and December 2011 in 
collaboration with Britt Argow. In addition, vertical accretion rates were determined on 
the high marsh platforms at Sweeney and West using 210Pb activity in two cores, 
processed at Tulane University's coastal geomorphology lab in collaboration with Alex 
Kolker in April2012. Moreover, surface resuspension strength was measured at Sweeney 
and West using a Cohesive Strength Meter (CSM) in summer and fall2011. Finally, high 
resolution mapping of creek bank slump blocks was begun at the unfertilized control site 
(West creek) using a real-time kinematic (RTK) unit in August 2011 and February 2012. 
Preliminary mapping of the location of slump block cracks along four shorelines at the 
control site was undertaken in May 2012. Cracks were mapped every meter. These data 
will be included in a larger publication including shear strength and hydrodynamic 
measurements with Z. Hughes, thus results are briefly listed below with figures . 
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Figure G 1 - Study location in Plum Island Estuary (top) and core locations (green circles) at each study 
creek (bottom) . 
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Sweeney West Club head Nelson 
Sweeney West Clubhead Nelson 
Figure G2- Average bulk density (top) and organic content (bottom) at each study creek in the creek-bank 
Spartina alterniflora. Bulk density at Sweeney (nutrient enriched for 6 years) was on average lower than at 
the other creeks, however this was not statistically significant using a student's t-test. Organic content was 
higher at Sweeney compared to the other creeks, and this was statistically significant. 
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Figure G3 -Average organic content in the creek-bank Spartina alterniflora.shows it is homogenous with 
depth at the four study creeks. 
Bulk Density (g/cm3) 
0.0 0.2 0.4 0.6 0.8 1.0 
0 
I • I 
10 I • I 
'E20 
~ 
..r:::. g. 30 
0 
40 
50 ~-----------~ 
Sweeney 
Bulk Density (g/cm3) 
0.0 0.2 0.4 0.6 0.8 1.0 
0 ... 
-
• 
10 
20 
30 
40 
50 _L_ _______ __, 
Clubhead 
Bulk Density (g/cm3) 
0.0 0.2 0.4 0.6 0.8 1.0 
0 
10 
20 I • I 
30 • 
40 
50 _.__ ________ __, 
West 
Bulk Density (g/cm3) 
0.0 0.2 0.4 0.6 0.8 1.0 
0 +---~-~-.~--~~ 
10 
20 
30 
40 
...... 
• 
50 _L_ _______ _j 
Nelson 
Figure G4 - Average bulk density in the creek-bank Spartina alterniflora.shows it is homogenous with 
depth at the four study creeks 
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a) Live belowground biomass (gdw/cm) b) Live belowground biomass (gdw/cm) 
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Figure G6- Average below-ground biomass with depth between a nutrient enriched site (Sweeney) and 
control (West) in a) creek-bank Spartina alterniflora and b) Spartina patens and Distich/is sp. Areas 
proximal to the creeks with Spartina patens and Distich/is sp have greater live belowground biomass in 
nutrient enriched sites compared to the control, but only to 5 em depth. This is in contrast to creek-bank 
Spartina alterniflora, which shows live belowground biomass is significantly lower at the nutrient enriched 
site compared to the control down to 20 em depth. 
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Figure G7- Modal grain size with depth between a nutrient enriched site (Sweeney) and control (West). 
Grain size is homogenous between the fertilized and non-fertilized sites and ranges from silt to fine sand, 
with modal grain size medium to coarse silt; results are not statistically different between the two sites 
using a student's t-test. 
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Figure G8- Pb-210 profiles between the nutrient enriched site (a) and control (b) show typical decay with 
depth with some scatter (notably at the nutrient enriched site, likely due to higher organic content, Fig G3). 
Average vertical accretion rates calculated are slightly greater at the nutrient enriched site compared to the 
control (3 rnm/yr and 1.5 rnm/yr, respectively). Both are located at approximately the same elevation (1.50 
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Figure G9 - Critical shear stress of surface sediment determined using a CSM was greatly reduced at the 
nutrient enriched site (Sweeney) compared to the control (West). This was true at both creek-bank Spartina 
alterniflora sites and creek-proximal Spartina patens and Distich/is sp. sites. These results are statistically 
significant using at-test, however sample timing may explain some differences (West sampled in summer, 
Sweeney in fall) . 
a) 
.'1 I 
Figure G 10- a) High resolution surface wireframe map constructed using RTK measurements and Surfer 
software at the control (West) site, between survey poles one to three. b) Slump block (crack) locations 
mapped at four comparable shorelines at the control (West) site. These data can be compared with future 
measurements to quantify changes in elevation and location of the slump blocks and cracks along the creek. 
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